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Abstract 
Neck pain is a common and recurrent condition affecting between 30 to 50% of adults in any 
given year. People experiencing neck pain commonly report difficulties in performing activities 
involving the upper extremity. Furthermore, clinical trials that have included exercises that target the 
shoulder girdle have shown beneficial effects in reducing neck pain. These observations are feasible 
based on the biomechanical dependence of the cervical spine and shoulder girdle, which includes 
common muscle attachments. However, to date there has been a paucity of studies investigating 
underlying movement disorders of the shoulder girdle in people with neck pain. This is in part due to 
the challenges of kinematic measurement in this region. The aim of this thesis is to contribute to the 
literature concerning the role of the shoulder girdle and thorax complex in neck pain from three 
perspectives. First, the thesis has further refined and informed measurement methods of shoulder 
girdle and thoracic kinematics (Studies 1-3). Secondly, the thesis further defined normative 
kinematics of the region with a focus on upright resting posture (Study 4). Thirdly, the thesis explored 
differences in shoulder girdle and thoracic resting posture in upright standing in those with and 
without neck pain (Study 5).  
 
Advancement in knowledge concerning normal and impaired function of the shoulder girdle 
has been hindered by challenges related to 3D motion capture of the shoulder girdle and thorax due 
to skin movement and the complexity of measuring multiple joints and axes of rotation. Therefore, 
Study1 focused on refining and validating an acromion marker cluster (AMC) method to track 
scapular movement with the intent of minimising skin movement error. Although the findings of 
Study 1 indicated that the refined AMC design did not appear to lessen skin movement error compared 
to previous designs, it was found to be of comparable accuracy (max RMSE 4.45°) and reliability to 
previous designs (within-session test-retest ICC 0.79-0.99) and appropriate for use in the subsequent 
thesis studies.  In Study 2 the reliability and validity of the AMC method was further evaluated in its 
capacity to track the scapula at end range clavicular movements (protraction/retraction, 
elevation/depression). Establishing its measurement accuracy and reliability (max RMSE 6.6°) in 
these common directions of scapula motion was necessary as it had been previously unstudied. While 
Studies 1 and 2 focused on optimising the measurement of scapulothoracic kinematics by ensuring 
the scapula could be tracked accurately, Study 3 focused on refining the measurement of the 
relationship between the shoulder girdle and the underlying thorax. This study compared thoracic and 
shoulder girdle postural relationships expressed in the external reference frame to that expressed in 
the traditionally used ISB recommended thorax reference frame. Using these different frames of 
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reference Study 3 also compared measures of thoracic inclination and thoracic curvature. The findings 
showed that measurements of thoracic inclination expressed in the external reference frame provided 
additional insight into scapulothoracic relationship compared to traditional measurements in the 
thorax reference frame. Study 4 then utilized the refined measurements of the scapula and thorax to 
more accurately describe normative shoulder girdle parameters, and to identify individual 
characteristics underpinning variations in these parameters, in a large cohort of asymptomatic 
individuals. This study demonstrated that scapular resting posture is strongly associated with thoracic 
inclination (scapular anterior/posterior tilt) and clavicular posture (scapular internal and upward 
rotation). Based on the results of Study 4, shoulder girdle resting posture and thoracic spine 
parameters were compared in individuals with (n=53) and without (n=100) chronic neck pain. The 
results presented in Study 5 show that mild differences in shoulder girdle and thoracic posture may 
exist between people with and without chronic non-specific neck pain.    
 
In summary, this thesis explores and improves upon the current methodology of investigating 
relationships between the thorax and shoulder girdle. It further defines normative characteristics of 
shoulder girdle kinematics and thus enabled comparison to a neck pain population. Understanding 
these relationships and the association between shoulder girdle function and neck pain will facilitate 
future development of patient-centred management approaches for those suffering with neck pain. 
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- CHAPTER 1 - 
 
1. Introduction 
 
 The issue of neck pain 
Neck pain is a common human problem. The Global Burden of Disease Study 2013 (Murray 
et al., 2015) ranked back and neck pain as the fourth leading cause of years lost to disability overall, 
and the third leading cause by non-communicable causes closely following ischemic heart disease 
and cardiovascular disease. Neck pain and low back pain are the most common reason that people 
visit physiotherapists (accounting for 42% of visits) (PABC. 2001). Findings from The Bone and 
Joint Decade Task Force on Neck Pain and Its Associated Disorders revealed that most of the general 
population can expect to experience neck pain in their lifetime, with typical 12-month prevalence 
estimates from 30 to 50%. In addition, 50 to 85% of individuals who experience an episode of neck 
pain will report further episodes 1 to 5 years later (Carroll et al., 2009; Hogg-Johnson et al., 2009). 
 
Diagnosing the cause of in neck pain disorders is challenging. The absence of a clear link 
between radiographic (i.e. radiograph, CT, MRI) changes in the cervical spine and neck symptoms of 
idiopathic origin (Nordin et al., 2008) has led to the descriptive term “non-specific neck pain”. For 
the purpose of readability, it will be henceforth referred to as “neck pain”. This thesis focuses on the 
potential contribution of the scapulothoracic region to the development of neck pain. While the 
aetiology of neck pain is multifactorial (Jull et al., 2008) one consistent feature is that it is often 
aggravated by postures and movements associated with daily activity. This has led to considerable 
focus on the role of cervical movement disorders in the presence of neck pain. In response, a myriad 
of cervical motor impairments has been identified in individuals with neck pain disorders that have 
informed the clinical management of these disorders (Falla et al., 2004; Falla et al., 2004; Johnston 
et al., 2009; Johnston et al., 2008; Jull and Falla 2016; O'Leary et al., 2011; O'Leary et al., 2009; 
O'Leary et al., 2007; Schomacher and Falla 2013). Interestingly, 80% of patients also report that upper 
limb activities aggravate their neck pain (Osborn and Jull, 2013). This has led to a more recent 
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investigation into the contribution of the shoulder girdle, and, more particularly, scapular kinematics 
and axioscapular muscle function in patients with neck pain. 
 
 Axioscapular dysfunction in neck pain 
Patients with neck pain commonly report difficulties with activities of low to medium 
biomechanical load, such as computer work, driving, and household activities including cooking, 
ironing, washing, or putting away the dishes. These activities usually involve upper limb elevation 
well below 120° (Lovern et al., 2010; Rundquist et al., 2009). The ability to perform these activities 
of daily living is dependent on the synchronous function of the trunk, shoulder girdle, and arm. The 
structural link between the upper limb and neck is the scapula and the shared muscle attachments. On 
this basis, it is speculated that altered motor function (e.g., changes in muscle coordination) and 
changes in scapular kinematics (i.e. scapular posture and motion) during activities of daily living may 
contribute to the initiation and perpetuation of neck pain disorders.   
 
Mechanisms underlying the association between altered scapular kinematics and neck pain 
may include factors such as alterations in the length-tension relationship of muscles that connect the 
scapula, head, and cervical and thoracic spines. Altered behaviour of muscles, such as the trapeziuses, 
levator scapulae, and rhomboids, which have direct attachments to the spine, may create a source of 
pain and/or induce adverse compressive loads to pain-sensitive neck structures (Behrsin and Maguire 
1986) This is thought to contribute to the development of neck and shoulder pain, particularly during 
static work postures and prolonged loading of the upper limb. One method of clinically determining 
altered function of the shoulder girdle is to observe for the presence of altered scapular kinematics 
(Szeto et al., 2002); however, the clinical picture is as yet unclear as an individual’s scapular 
kinematics may be affected by multiple factors.  
 
Making a distinction between normal and altered scapular kinematics is challenging. Changes 
in scapular kinematics may be associated with age (Endo et al., 2004), exposure to postural habit 
(Kebaetse et al., 1999), or repetitive activity due to the habitual demands of specific occupations or 
sports (Oyama et al., 2008). Scapular kinematics can also be affected by the physical attributes of the 
individual, particularly spinal curvatures (Lin et al., 2010) such as thoracic kyphosis and scoliosis, 
but also by the presence of acute injury and pain (Szeto et al., 2009). 
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Compelling evidence exists to suggest that altered scapular kinematics is associated with 
specific shoulder pathologies (subacromial impingement, rotator cuff pathology, glenohumeral 
instability, adhesive capsulitis, and shoulder stiffness (Kibler et al., 2013; Ludewig and Reynolds 
2009). However, the association between altered scapular kinematics and neck pain has been based 
largely on clinical observation and opinion (Jull et al., 2008; O'Leary et al., 2009; Sahrmann 2011). 
Very limited scientific evidence exists linking altered scapular kinematics to neck pain. Van Dillen 
et al., (2007) and Ha et al., (2011) have demonstrated that passive elevation of the scapula in a chronic 
neck pain population had an immediate effect on reducing pain during neck rotation as well as 
increasing rotation range of movement. Only one study to date (Helgadottir et al., (2011) has 
investigated and shown preliminary evidence of altered scapular kinematics during arm activities in 
asymptomatic people and people with chronic neck pain. The paucity of studies investigating the 
relationship between altered scapular kinematics and neck pain has provided the incentive for this 
thesis.  
 
 Challenges in the measurement of scapular kinematics 
Measurement of scapular kinematics is a challenge in both the clinical and research settings 
due to its unique articulation consisting of multiple joints (sternoclavicular, acromioclavicular, 
glenuhumeral, and scapulothoracic articulation) and segments (thorax, clavicle, scapula, and 
humerus) moving in multiple axes of rotation (clavicular protraction/retraction and 
elevation/depression, scapular internal/external rotation, upward/downward rotation, and 
anterior/posterior tilt). The development of 3D motion analysis systems has allowed researchers to 
more comprehensively investigate the biomechanics of the shoulder girdle. However, factors such as 
the complexity of 3D motion around multiple axes of the scapula, as well as skin motion, make it 
difficult to track and accurately quantify scapular movements with external surface markers. 
Substantial variation in soft tissue mass overlying the scapula and subsequent relative scapular-skin 
displacement amplitude exists between individuals. Although substantial work has been done in 
validating the accuracy of non-invasive, skin-based measurement methods of tracking the scapula 
(Lempereur et al., 2014), errors due to skin movement are still prevalent, especially in shoulder 
elevation above 90° (Borstad and Ludewig 2002; Brochard et al., 2011; Ludewig et al., 2004; Prinold 
et al., 2011; van Andel et al., 2009; Warner et al., 2012). It has been suggested that modifying marker 
design in combination with adhering to current recommendations regarding attachment location of 
skin-based marker clusters placed over the scapula could improve the accuracy of this measurement 
method (Lempereur et al., 2014). Furthermore, the accuracy of such measurements has chiefly been 
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investigated in relation to shoulder and arm movement in mid-positions of the shoulder girdle, with 
no studies examining their accuracy in more complex movement of the shoulder girdle, such as end 
range clavicular protraction, retraction, elevation, and depression, which are commonly used during 
normal daily activities.  
 
  Specific aims and structure of the thesis 
This thesis concentrates on one element of scapular kinematics, namely, shoulder girdle 
resting posture in upright standing. The overall aim of this thesis is to better define shoulder girdle 
resting posture, to clarify factors affecting shoulder girdle posture in asymptomatic individuals, and 
to compare a sample of individuals with chronic neck pain. To achieve this aim clearly and 
methodically, the thesis is divided into three parts.   
 
The first section (methods) consists of three studies (Chapters 3-5) that concentrate on the first 
aim of the thesis.  
Thesis Aim 1: To refine and validate methods to accurately record scapular and thoracic spine 
kinematics including the refinement of measurement methods. Study 1 (Chapter 3) aims to validate 
the refined Acromion Marker Cluster (AMC) method to measure scapular kinematics during arm 
elevation. Study 2 (Chapter 4) further investigates the validity of the new AMC measurement method 
during end range clavicular movement. Study 3 (Chapter 5) evaluates different measurement methods 
of thoracic spine alignment and scapular reference measurements to better describe the relationship 
between the scapula and the thoracic spine (scapulothoracic articulation).    
 
The second section (asymptomatic population) consists of Study 4 (Chapter 6), and 
investigates shoulder girdle resting posture in a sample of 100 asymptomatic volunteers to address 
the second theme of this thesis. 
Thesis Aim 2: To describe shoulder girdle resting posture in an asymptomatic population and the 
influence of variables such as age, BMI, hand dominance, sex, thoracic orientation, and physical 
activity. The findings of this study will provide a comprehensive description of shoulder girdle resting 
posture in an asymptomatic population and create the foundation to the final part of the thesis. 
 
The third section (neck pain population) consists of Study 5 (Chapter 7), and compares a 
sample of 100 asymptomatic volunteers with 53 neck pain volunteers to address the third aim of this 
thesis. 
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Thesis Aim 3: To determine if there is a difference in shoulder girdle resting posture between 
individuals with and without neck pain. 
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Table 1.4-1 Summary of thesis structure, studies, aims, design, and cohort 
Summary of thesis structure, studies, aims, design, and cohort 
 
Study Research title Study research questions 
Research 
design 
Cohort 
 Section one (methods) aims: To refine and validate methods to accurately record scapular and thoracic spine kinematics including the refinement of 
measurement methods. 
S
tu
d
y
 1
 (
C
h
a
p
te
r
 3
) Validity and reliability of an 
acromion marker cluster for 
recording scapular kinematics 
 To evaluate the concurrent validity of the modified AMC by 
comparing it with the SL, when the scapula is calibrated to 
the AMC at shoulder rest. 
  To assess the within-session test-retest reliability of the 
AMC and SL methods. 
Validity 
and 
reliability 
study 
20 Right-handed 
volunteers  
(10 male and 10 female) 
without current neck or 
shoulder symptoms. 
S
tu
d
y
 2
 (
C
h
a
p
te
r
 4
) Validity and reliability of an 
acromion marker cluster for 
measurement of scapular 
kinematics at end range 
clavicle protraction, retraction, 
elevation, and depression 
 To evaluate the reliability and validity of the AMC method 
in tracking scapular orientation at active end range clavicular 
protraction, retraction, elevation, and depression.  
 To determine the reliability of within-session measurements 
for both AMC and SL methods.  
Validity 
and 
reliability 
study 
42 Right-handed 
volunteers  
(20 male and 22 female) 
without current neck or 
shoulder symptoms. 
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Study Research title Study research questions 
Research 
design 
Cohort 
S
tu
d
y
 3
 (
C
h
a
p
te
r
 5
) 
  To assess, in upright stance, whether posture expressed 
in the external reference frame of the thoracic spine and 
scapula provide different postural information compared 
to when they are described by an internal reference 
frame (thoracic inclination vs. thoracic curvature and 
scapular posture in relation to the thorax reference 
frame vs. scapular posture in relation to the external 
reference frame) 
  To assess the difference between externally and 
internally referenced relations between thoracic spine 
posture and scapular orientation.  
Cross-
sectional 
study 
100 asymptomatic 
volunteers 
(44 male and 56 female) 
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Section two aim: To describe shoulder girdle resting posture in an asymptomatic population and the influence of variables such as age, BMI, hand 
dominance, sex, thoracic orientation, and physical activity 
S
tu
d
y
 4
 (
C
h
a
p
te
r
 6
) 
The influence of sagittal 
thoracic spine alignment, sex, 
BMI, hand dominance, side 
difference, physical activity, 
and age on clavicular and 
scapular resting posture in an 
asymptomatic population 
 To further define normative parameters of clavicular and 
scapular resting posture in a large group of asymptomatic 
individuals.  
 To identify individual characteristics that may underpin 
variations in clavicular and scapular resting posture 
parameters within the studied sample. Such patient 
characteristics included age, sex, BMI, hand dominance, 
side difference, and thoracic posture measurements. 
 To explore the information gained from external frame 
measurements of the scapula, clavicle, and thorax when 
compared to the thorax reference frame. 
Cross-
sectional 
study 
100 asymptomatic 
volunteers  
(44 male and 56 female) 
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Section three aim: To determine if there is a difference in shoulder girdle resting posture between individuals with and without neck pain. 
S
tu
d
y
 5
 (
C
h
a
p
te
r
 7
) 
Evaluation of scapular resting 
posture in individuals with and 
without chronic neck pain 
 
 Are there differences in scapulothoracic resting posture in 
individuals with and without neck pain? 
 Do individual factors such as age, sex, BMI, hand 
dominance, side difference, and thoracic alignment 
(kyphosis index and thoracic inclination) influence the 
resting posture of the scapula and clavicle differently in 
those with and without neck pain? 
 Is there a relationship between level of neck disability 
and scapulothoracic resting posture? 
 Are there recognizable patterns of scapulothoracic resting 
posture that distinguish between people with or without 
neck pain? 
  Is there a correlation between upper limb and neck 
disability? 
Cross-
sectional 
study 
100 asymptomatic and 53 
neck pain volunteers 
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- CHAPTER 2 – 
 
2. Background  
Evidence of altered shoulder girdle kinematics in neck pain disorders 
and the challenges of its measurement 
 
Impaired upper limb function has been implicated in contributing to neck pain in clinical 
cohorts. Osborn and Jull (2013) state that up to 80% of patients report upper limb activities 
aggravating to their neck pain. Other studies have reported a high correlation (r = 0.67-0.83) between 
neck disability (evaluated using the Neck Disability Index (NDI) and the Northwick Park Neck Pain 
Questionnaire (NPQ)) and disability of the upper limb (evaluated using the Disability of the Arm, 
Shoulder, and Hand (DASH) questionnaire (Huisstede et al., 2009; Mehta et al., 2010; Osborn and 
Jull 2013) indicating a relationship between neck pain and upper limb disability. Although the exact 
mechanism between impaired upper limb function and neck pain has not been extensively researched, 
studies investigating the efficacy of exercise for the treatment of neck pain and headaches usually 
include shoulder girdle and upper limb exercises in their exercise protocols (Amorim et al., 2014; 
Ang et al., 2009; Bronfort et al., 2001; Franca et al., 2008; Jull et al., 2002; Kay et al., 2012; 
Varatharajan et al., 2016). To understand how upper limb function (or dysfunction) may affect the 
neck region and potentially result in neck pain, it is necessary to consider the anatomical connection 
between these two regions.  
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 Functional anatomy of the shoulder girdle and scapular kinematics 
The shoulder girdle comprises two joints connecting the clavicle to the sternum 
(sternoclavicular joint) and the scapula to the clavicle (acromioclavicular joint). The scapulae rest and 
move over the thorax. This articulation is defined as the scapulothoracic articulation. Although not 
defined as a true joint due to the lack of joint cartilage, capsule, or synovium (Frank et al., 2013) it 
serves as the articulation between the thorax and the scapula. The shoulder girdle through its multiple 
joints allows six axes of rotation defined by their segments and centre of axis. The sternoclavicular 
joint (attachment of the sternum to the proximal head of the clavicle) permits motion of the clavicle 
in relation to the sternum described as: anterior/posterior rotation in the frontal plane, 
protraction/retraction movement in the sagittal plane, and elevation/depression in the horizontal 
plane. The acromioclavicular joint (attachment of the distal head of the clavicle to the scapular 
acromion process) permits motion of the scapula in the same planes described as: anterior/posterior 
tilt in the frontal plane, internal/external rotation in the sagittal plane, and upward/downward rotation 
in the horizontal plane (McClure et al., 2001; Teece et al., 2008; Wu et al., 2005) (Figure 2.1). The 
combined motion produced by the acromioclavicular and sternoclavicular joints permits a large 
excursion of scapular movement in multiple planes to position the glenoid and glenohumeral joint in 
an optimal position for humeral function (Ludewig and Reynolds 2009; Teece et al., 2008). The 
shoulder girdle also allows absorption or generation of force from or to the arm in static and dynamic 
conditions (Giacomo et al., 2008). The scapulothoracic articulation posture, movement, and load 
capacity is largely dependent on extensive muscle attachments connecting the scapula to the thorax 
and to the humerus. Although significant progress in the understanding of the biomechanics of the 
shoulder girdle in relation to humeral function has been achieved, detailed description of shoulder 
girdle resting posture on the thoracic wall has not been thoroughly investigated in the asymptomatic 
population (Struyf et al., 2011). 
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Figure 2.1 Clavicular and scapular axes of rotation 
(A) Scapula Internal Rotation (posterior view), (B) Upward Rotation (posterior view), (C) Scapula Anterior and Posterior Tilt (right lateral 
view), (D) Clavicle Protraction (right lateral view), (E) Clavicle Elevation and Scapula Upward Rotation (right lateral view),  
(F) Clavicle Elevation (posterior view). 
(A) 
(E) 
(B) (C) 
(D) (F) 
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 Factors affecting scapular kinematics in asymptomatic individuals 
As outlined in Section 2.1, the mobility and posture of the shoulder girdle is largely dependent 
on soft tissue (e.g. muscles, tendons, ligaments) to stabilize and move the scapula on the thoracic 
wall. However, the dependency on soft tissue makes it susceptible to influences that have the potential 
to change the biomechanical and physiological function (e.g., length/tension relationship) of these 
soft tissues. Factors that potentially influence shoulder girdle kinematics can be of acute origin, such 
as mechanical shortening of the clavicle due to trauma (Hillen et al., 2012; Su et al., 2016), related to 
nerve pathologies, such as long thoracic nerve palsy (Roren et al., 2013; Wiater and Flatow 1999) or 
of slow onset due to repetitive activities and sustained postures during sport or work. Variations in 
demographics such as age and sex, as well as BMI and hand dominance are also thought to influence 
shoulder girdle kinematics (Figure 2.2). These changes could represent a normal adaptation to load 
and upper limb use or they may represent a maladaptive response with subsequent adverse effects 
with increased loads on other joints, such as the glenohumeral joint, cervical spine, and thoracic spine. 
Movement and posture of the shoulder girdle can only fully be understood by considering these 
factors in detail.  
   
 
 
Figure 2.2 Change to shoulder girdle kinematics 
  
Change to 
shoulder 
girdle 
kinematics
Load/Fatigue
Posture
Sport
Age
Work 
Physical 
attributes
Pain
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 Muscles affecting scapular kinematics  
 Axioscapular muscles 
Altered scapular kinematics are considered to potentially reflect altered motor function in 
some painful neck disorders. While this link is yet to be confirmed, some studies indicate the potential 
presence of axioscapular muscle dysfunction in neck pain disorders. Fourteen muscles directly attach 
to the scapula connecting the upper limb to the trunk. The axioscapular muscles can be divided into 
two groups based on their attachment (scapula-spine) or origin (coastal-scapula) to the muscles. The 
scapula-spine muscle group includes the trapeziuses, levator scapulae, and rhomboids. The coastal-
scapula muscle group includes the serratus anterior and the pectoralis minor muscles. The actions of 
these muscles will be briefly described and their potential contribution to neck pain discussed; 
however, this thesis will not be investigating muscle activity alongside scapular kinematics.  
 
 Trapezius 
The trapezius muscle is the most superficial layer of muscle of the neck and thorax and is 
divided into three parts: the upper (UT), middle (MT) and lower trapezius (LT). The UT muscle fibres 
arise from the medial one-third of the superior nuchal line of the occipital bone, external occipital 
protuberance, and the ligamentum nuchae. The muscle inserts into the lateral third of the clavicle 
(Gray 1962; Johnson et al., 1994; Mercer 2002). The main action of the UT is to stabilize the scapula 
on the thoracic wall during arm function (in combination with the other axioscapular muscles), and 
to upwardly rotate the scapula in arm elevation in a force-couple with the serratus anterior. 
Traditionally, the UT was thought to elevate the scapula (Gray 1962; Moore and Dalley 1999) while 
other anatomical dissection studies describing the orientation and cross-section of the upper trapezius 
discount its contribution to elevation and emphasize its function as an upward rotator (Johnson et al., 
1994; Mercer 2002). Many patients reporting neck pain describe pain localized to the descending part 
of the trapezius or tenderness to palpation (Larsson et al., 1988). The presence of tenderness in the 
upper trapezius is often described as one of the criteria for trapezius myalgia (Juul-Kristensen et al., 
2011; Larsson et al., 2000; Larsson et al., 1988; Peolsson et al., 2008; Sjogaard et al., 2010) or 
shoulder-neck pain (Hagberg et al., 2000; Voerman et al., 2007). Pain over the tissues between the 
neck and the scapula is thought to implicate this muscle as a source of neck pain.   
 
Middle trapezius (MT) fibres arise from the acromion and spine of scapula to attach to C7 and 
T1 (Mercer 2002) producing retraction forces on the scapula (Gray 1962; Johnson et al., 1994; Moore 
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and Dalley 1999). Increases in activity in this muscle have been reported in people with neck pain 
and poor scapular kinematics (Wegner et al., 2010) while other studies (Helgadottir et al., 2011) find 
no difference in activity between those with or without neck pain.  
 
The Lower Trapezius (LT) muscle fibres consist of those fascicles arising from the spinous 
processes from T2 and below which insert into the deltoid tubercle of the scapula (Johnson et al., 
1994). The action of this muscle is commonly described as depression of the scapula and lowering of 
the shoulder and, in combination with the UT, the LT helps to upwardly rotate the scapula (Moore 
and Dalley 1999). Johnson et al., (1994) describe the action of the LT in arm elevation as fixating the 
axis of rotation around the deltoid tubercle. Like the UT, there are mixed reports of alterations in 
activity levels of the LT in people with neck pain (Castelein et al., 2015; Castelein et al., 2016; 
Helgadottir et al., 2011; Petersen et al., 2016; Petersen and Wyatt 2011; Szeto et al., 2005; Szeto et 
al., 2005; Wegner et al., 2010; Zakharova-Luneva et al., 2012). 
  
 Levator scapulae 
The levator scapula lies under the trapezius muscle and originates by tendinous slips from the 
transverse processes of C1 and C2 and the posterior tubercle of the transverse processes of C3 and 
C4. The fibres descend inferior-laterally to a complex insertion at the superior-medial angle of the 
scapula (Gray 1962; Johnson et al., 1996; Moore and Dalley 1999; Williams et al., 1999). Its main 
action is to elevate and downwardly rotate the scapula. Its attachments to the upper four cervical 
vertebrae and vertically oriented muscle fibres position it to directly apply potential adverse strain on 
the upper cervical spine and compressive forces to the lower cervical regions. Although the 
biomechanical action of the levator scapulae suggests that it can increase the load on the upper 
cervical region, there has been a dearth of studies investigating the connection between altered 
behaviour of this muscle and neck pain (Behrsin and Maguire 1986; Castelein et al., 2016; McLean 
2005; Palmerud et al., 1998; Sporrong et al., 1996).  
 
 Rhomboid major and minor 
The rhomboid minor is described as a scapular elevator and assists in downward rotation of 
the scapula (Moore and Dalley 1999). It originates from the lower ligamentum nuchae and spinous 
processes of C7 and T1. The fibres descend obliquely inferior-laterally to insert into the medial border 
of the scapula at the base of the spine of the scapula (Gray 1962; Moore and Dalley 1999; Williams 
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et al., 1999). Due to the descending orientation of its fibres and its attachment to the lower cervical 
spine, it may increase compressive forces through its attachments. The action of the rhomboid major 
describes it as a scapular retractor and a downward rotator, and it plays an important role in fixing 
the scapula to the thoracic wall (Moore and Dalley 1999). The rhomboid major arises from the spinous 
processes and supraspinous ligaments of T2-T5, deep to the origin of the trapezius. It descends 
obliquely inferior-laterally to a broad insertion along the vertebral border of the scapula (Gray 1962; 
Moore and Dalley 1999; Williams et al., 1999). Very few studies have investigated the rhomboid’s 
role in the neck pain population making it difficult to suggest with certainty that it has a role in the 
development of neck pain disorders (Castelein et al., 2016; Shahidi et al., 2012).   
 
 Serratus anterior  
The serratus anterior is the major protractor and upward rotator of the scapula, but it also has 
a very important role in stabilizing the medial boarder of the scapula to the thoracic wall (Moore and 
Dalley 1999; Smith et al., 2003). A hallmark of paralysis of the serratus anterior is a significant medial 
scapular border winging. The muscle arises from the external surface of the first eight ribs and 
attaches to the anterior surface of the medial border of the scapula (Gray 1962; Moore and Dalley 
1999; Smith et al., 2003). The major focal attachment is to the inferior angle of scapula, gradually 
reducing towards the superior medial border of the scapula (Johnson et al., 1994). Although numerous 
publications have described the activity of the serratus anterior in different exercises, sport, arm 
movements, and in relation to shoulder pathologies, only two studies have investigated its activity in 
the neck pain population, showing conflicting results regarding differences in activation patterns in 
people with neck pain (Castelein et al., 2016; Helgadottir et al., 2011).   
 
 Pectoralis minor 
The pectoralis minor in conjunction with the serratus anterior muscle protract the scapula 
(Gray 1962) and tilt it anteriorly (Moore and Dalley 1999). The pectoralis minor is a small triangular 
muscle deep to the pectoralis major. It consists of three fascicles that arise from the anterior aspect of 
ribs 3-5, with anatomical variations evident in its attachments for ribs 2-4 (Gray 1962). The pectoralis 
minor attaches to the coracoid process of the scapula (Moore and Dalley 1999). Hypertonicity or 
shortening of the pectoralis minor muscle is often associated with a rounded shoulder posture 
(Borstad and Ludewig 2005; DiVeta et al., 1990), winging of the inferior angle of the scapula, and 
reduced posterior tilt of the scapula during arm elevation (Borstad and Ludewig 2005). Resting 
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postural deviations of the scapula associated with pectoralis minor shortening have been observed in 
the asymptomatic population (Borstad and Ludewig 2005; DiVeta et al., 1990).  
 
Overall, very few studies have investigated the pectoralis minor’s function in the neck pain 
population. Shahidi et al., (2012) found bilateral shortening of the pectoralis minor in people with 
neck pain (n=19) compared to asymptomatic participants (n=20). Castelein et al., (2016) found 
overactivity of the pectoralis minor in people with neck pain (measured with intramuscular EMG 
study) compared to asymptomatic individuals. The presence of altered scapular kinematics in both 
groups was not associated with pectoralis minor activity in these studies. 
 
 Scapulohumeral and axiohumeral muscles 
Muscles originating from the scapula (long head of biceps and triceps, deltoid, supraspinatus, 
infraspinatus, subscapularis, and the teres major and minor) or from the trunk (latissimus dorsi, 
pectoralis major) and attaching to the humerus have not been investigated in relation to neck pain or 
changes to shoulder girdle alignment. Although they have an indirect effect on scapular kinematics, 
it is anatomically plausible that alteration in tension length of the scapulohumeral muscles may cause 
altered function of the scapular spine muscles. 
 
 Individual factors: Spinal curvature, age, BMI, hand dominance, and sex 
 Spinal curvature and posture 
The orientation of the spine may also influence scapular kinematics. Changes in spinal 
curvature may be structural, as in scoliosis and kyphosis, or due to habitual behaviours such as 
slouched postures (Kebaetse et al., 1999; Szeto and Lee 2002; Szeto et al., 2002). These habitual 
postures may influence scapular kinematics when repeated over time. Slouched sitting posture has 
been linked with changes to scapular resting posture, such as an increase in scapula anterior tilt and 
upward rotation and to changes during humeral elevation in the scapular plane, such as reduction in 
scapular posterior tilt and external rotation (Finley and Lee 2003; Kebaetse et al., 1999). Although 
similar findings of changes in scapular kinematics were reported in these two studies into resting 
slouched posture compared to an upright posture, comparing the directional changes between these 
studies is problematic as Kebaetse et al., (1999) measured scapular kinematics in static humeral 
elevation, while Finley and Lee (2003) measured scapular orientation during dynamic movement. 
These different methods may expose the upper limb to different loading patterns, which may explain 
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some of the discrepancies between the findings. Greenfield et al., (1995); (Lewis et al., 2005) and 
Raine and Twomey (1997) measured protraction and rotation of the scapula in relation to the spine 
(2D measures) and reported no association between thoracic curvature and shoulder girdle protraction 
or scapula upward rotation. Thoracic curvature has also been included as a covariate in a study 
investigating scapular kinematics between groups with and without neck pain (Helgadottir et al., 
2011). No difference in thoracic curvature was evident between the groups. 
 
Structural changes in thoracic spine curvature, such as in idiopathic scoliosis, have been 
reported to alter scapular resting posture. Lin et al., (2010) found that females with idiopathic scoliosis 
(n=13) had an increase in scapular anterior tipping on the convex side of the scoliosis and increased 
upward rotation on the concave side at rest when compared to asymptomatic individuals (n=13). 
Although this study was sex limited and the sample size small, it indicates that spine curvature is 
important for orientation of the scapula in relation to the thoracic wall.  
 
 Age 
There is good evidence to suggest that age is associated with reduced range of both active 
(Chen et al., 1999; Simpson et al., 2008) and passive (Salo et al., 2009) cervical spine movement. 
Age has also been shown to have an impact on the shoulder’s active and passive range of movement 
(Barnes et al., 2001; Gill et al., 2006). In contrast, there is limited evidence to suggest that age is 
associated with changes in scapular kinematics (posture or range of movement). Two studies, which 
compared scapular posture in children to that of adults, reported greater upward rotation and posterior 
tilt of the scapula in the younger population (Dayanidhi et al., 2005; Struyf et al., 2011). Although 
they reached the same conclusions, these two studies are not comparable since there were differences 
in methodology that included: the method for recording movement (3D motion analysis system vs. 
clinical measures, respectively); the plane of arm movement in which measurements were recorded 
(scapular plane vs. abduction, respectively); the actual movement quality (dynamic vs. static, 
respectively), the age groups and number of participants. Dayanidhi et al., (2005) found that children 
have increased scapular upward rotation at rest and through range, as well increased total range of 
upward rotation, compared to adults. Struyf et al., (2011) also found increased upward rotation in 
children but this was only significant in a static hold in 90o abduction. Differences in posterior tilt 
were reported by Dayanidhi et al., (2005) but only between 60-90o arm elevation, while Struyf et al., 
(2011) found increased distance of table to posterior boarder of acromion (indicating anterior tilt)  in 
adults compared to children. Endo et al., (2004) evaluated changes in scapular posture associated with 
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increase in age in a population ranging from 16 to 73 years (n = 44) using an A/P plane radiographic 
measurement in 90o shoulder abduction. They reported decreased posterior tilt and upward rotation 
with increasing age. The main limitation of this study was the small sample size and the uneven 
distribution of subjects in terms of age. In summary, it is difficult to make decisive conclusions 
regarding the association between age and scapular kinematics. Further studies of larger populations 
are required which also need to consider the potentially confounding effects of age-related changes 
in thoracic curvature.  
 
 Hand dominance and side difference 
Comparison between body sides to determine differences in shoulder girdle posture between 
the dominant and non-dominant or between symptomatic and non-symptomatic sides is very common 
in research and in clinical practice. Although similarities between the sides are assumed, exposure to 
repetitive unilateral activities during work or sporting activities may induce asymmetrical changes to 
shoulder girdle postures and function. Studies to date investigating side differences in an 
asymptomatic population are limited in sample size and are also restricted to studies reporting side 
differences based on hand dominance (no separation between left- and right-hand dominance). 
However, studies that considered side differences found variations related to type of movements and 
sex. Right-dominant females demonstrated less elevated and retracted clavicle of the non-dominant 
side (Greenfield et al., 1995; Helgadottir et al., 2011; Matsuki et al., 2011; Raine and Twomey 1997; 
Schwartz et al., 2014). Helgadottir et al (2011) reported a more downward rotated scapula on the 
dominant side in right-handed people. In contrast, Morais and Pascoal (2013) found significant 
differences with the dominant scapula being more retracted and upwardly rotated. Thus, to obtain a 
complete picture of scapular kinematics, it is necessary to assess both sides (left and right) as well as 
considering hand dominance when interpreting results. 
 
 Sex 
Differences between males and females in body composition, height, weight, and muscle mass 
in the upper extremity may influence scapular kinematics. Although it is common to report sex 
distribution in study groups, the comparison between sexes has only been reported in one study 
(Schwartz et al., 2016) that compared 11 males and females. Although no statistically significant 
difference between the sexes was found in scapular resting posture, the study did report 5° difference 
in internal rotation (females: 34°±12°, males: 29°± 7°) and 4° difference in upward rotation (females: 
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4.5°±5.5°, males: 0.5°± 6.5°) in females compared to that of males. Thus, it would be useful to 
consider sex differences in scapular kinematics, but the study should be adequately powered to detect 
potential differences. 
 
 Body mass index (BMI) 
BMI has been suggested as a factor influencing scapular posture but may also be an influence 
on measurement methods using external surface markers. Only one study was found that considered 
the influence of BMI on scapula kinematics. Gupta et al., (2012) found that a higher BMI (defined as 
BMI above 27m/kg2) was associated with reduced scapular upward rotation during arm elevation 
when compared to lower BMI (defined as less than 23m/kg2). Ohl et al., (2015) reported BMI as a 
covariate when associated with scapular resting posture, and although significant differences in BMI 
were found between groups, no significant differences were found in scapular resting posture between 
groups (asymptomatic group, rotator cuff tear group, and rotator cuff tear with subacromial 
impingement group) indicating that BMI may not have an effect on scapular resting posture. 
 
 Environmental exposure: repetitive load and fatigue 
 Repetitive or fatiguing tasks 
Changes in soft tissue length may also occur with continuous repetitive loading that may occur 
as a result of work or athletic-related endeavours involving the arm and/or shoulder. It is hypothesized 
that athletes who have asymmetrical use of their upper extremity in repetitive high-velocity 
movement sports may present with changes in scapular kinematics between their dominant and non-
dominant sides. Athletes in sports requiring repetitive overhead actions including tennis, volleyball, 
and baseball have been shown to present with changes in scapular kinematics, such as increased 
scapular upward rotation, anterior tilt, and protraction at rest and through arm elevation when 
comparing the athletes’ dominant and non-dominant sides (Cools et al., 2010; Downar and Sauers 
2005; Oyama et al., 2008). Increased upward rotation, internal rotation (at rest and through elevation) 
and increased scapular retraction at 90o and 120o were also reported in baseball players compared to 
asymptomatic individuals (Myers et al., 2005). Similarly, repetitive motion during work duties may 
impact scapular kinematics with Ettinger et al., (2012) reporting increased scapular anterior tilt in 
dental hygienists (n=43) at the end of the work day. This change appeared to be more pronounced in 
individuals who had spent more than 20 years in their profession. Although the methods used to 
record scapular kinematics is varied in these studies (3D movement analysis vs. clinical 
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measurements in static posture), the findings provide some initial evidence to suggest that prolonged 
repetitive loading of the upper limb may cause specific changes in scapular kinematics.  
 
There is also some evidence to suggest that an activity may affect scapular kinematics if it 
results in fatigue of axioscapular muscles; however, findings of studies that have investigated the 
effect of muscle fatigue are contradictory. There is contrasting evidence for alterations in shoulder 
girdle kinematics after fatiguing protocols, with some studies reporting no change to scapular posture 
post fatiguing tasks (Chopp et al., 2011; Noguchi et al., 2013; Takasaki et al., 2016), while others 
report the opposite. Ebaugh et al., (2006) reported a change in scapular and clavicular kinematics 
after a fatiguing arm elevation task (abduction in the scapular plane) with increased scapular upward 
rotation reported during arm elevation from 600 to maximum arm elevation. Changes also included 
increased scapular external rotation (from 900 arm elevation to maximum) as well as increased 
clavicular retraction (from 600 arm elevation to maximum).  
 
 McQuade et al., (1998) reported changes in scapulohumeral rhythm during arm elevation 
following a fatiguing task. Borstad et al., (2009) reported increased internal rotation and decreased 
posterior tilting in humeral elevation post fatigue. Tsai et al., (2003) reported a significant change in 
all scapular rotations both at rest and during the middle phases of humeral elevation. These contrasting 
results could be related to the low number of participants in some of the studies (ranging from 20 to 
30), the nature of the fatiguing protocol, or how fatigue levels were assessed. 
 
  Altered scapular kinematics in musculoskeletal disorders  
 Altered scapular kinematics in shoulder girdle disorders  
Much of the literature investigating scapular function and dysfunction is focused on the 
relationship between the scapula and the arm in various shoulder pathologies. Anatomically, the 
glenoid fossa of the scapula and its labrum form the base from which the head of the humerus moves. 
The relatively shallow socket of this joint allows the glenohumeral joint the greatest range of 
movement of any joint in the body. It has been hypothesized that changes in the orientation of the 
glenoid during shoulder joint movement can alter the mechanics of the glenohumeral joint and cause 
increased load on the joint and surrounding tissue (Kibler 1998). Several systematic reviews 
(Ratcliffe et al., 2013; Timmons et al., 2012) , consensus statement from the 2013 Scapula Summit 
(Kibler et al., 2013) and clinical commentary (Ludewig and Reynolds 2009), link changes in scapular 
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kinematics to shoulder pathologies. Although altered scapular kinematics have been identified in 
those with shoulder pathologies compared to those without, the exact mechanism linking scapular 
dysfunction to specific pathologies is not yet clear. It is possible that the pattern of scapular 
dysfunction may depend on the plane of humeral elevation, the population studied (e.g., athletes and 
overhead workers) and the specific shoulder pathology under investigation. Scapular kinematics have 
been investigated in those with subacromial impingement (Lawrence et al., 2014; Lopes et al., 2015; 
Ratcliffe et al., 2013; Timmons et al., 2012), rotator cuff pathology (Kijima et al., 2015), 
glenohumeral instability (Ludewig and Reynolds 2009; Struyf et al., 2011; Warner et al., 1992) and 
shoulder stiffness and adhesive capsulitis (Ludewig and Reynolds 2009). The extensive work 
investigating the association between shoulder pathologies and scapular kinematics has advanced 
both the technology and measurement methods used to assess scapular kinematics. The vast body of 
research has also served to promote the theory that altered scapular kinematics can result in or 
contribute to pathology and pain. This body of work has set a precedent for investigating the role of 
the scapula in neck pain disorders.  
 
 Altered scapular kinematics in cervical spine disorders 
  Clinicians commonly evaluate and implement interventions for the shoulder girdle and 
scapula for the management of cervical spine disorders (Jull et al., 2008; O'Leary et al., 2009; 
Sahrmann 2011) Despite the known anatomical and biomechanical relationship between the cervical 
spine and shoulder girdle, evidence for the involvement of altered scapular kinematics in neck pain 
disorders has to date been mostly anecdotal, with some emerging studies to support the relationship. 
One of the first studies describing a relationship between scapular position and neck pain was 
conducted by Clein (1976) who described three cases of females with neck pain and shoulder 
symptoms. These females presented with depressed shoulder girdles and the condition was referred 
to as “droopy shoulder syndrome”. Subsequently, this syndrome was further researched by Swift and 
Nichols (1984) who theorized that the symptoms may be caused by a stretch of the brachial plexus 
induced by the scapular position and linked it with thoracic outlet syndrome. Their patients also 
reported the presence of neck pain, usually unilaterally, which increased with arm load and shoulder 
depression and was relieved with shoulder elevation which further supported the link between 
shoulder girdle kinematics and neck pain. Some studies using more quantitative measures of scapular 
kinematics in neck pain disorders are now starting to emerge. 
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 Quantitative measures of altered scapular kinematics in neck pain 
disorders 
Studies are emerging that compare scapular kinematics in people with and without neck pain 
during tasks involving the upper limb. Szeto et al., (2002) compared two groups of office workers 
(with and without neck pain) and found a trend, but no statistical difference for the office workers 
with neck pain to have greater scapular protraction compared to asymptomatic workers during 
prolonged computer use. Their lack of statistical difference may be due to the low number of 
participants in each group (n=8). Juul-Kristensen et al., (2011) used 10 clinical variables to assess 
scapular kinematics in people with (n=38, female) and without (n=23, female) trapezius myalgia. 
They found that the group with trapezius myalgia had an increase in scapular upward rotation at rest, 
and an increase in passive shoulder internal rotation without scapular fixation (described by the 
authors as an indirect way to evaluate scapular anterior tilt). 
 
 Helgadottir et al., (2011) assessed scapular and clavicular kinematics at rest and during arm 
elevation in the scapular plane using a 3D motion analysis system in people with insidious onset neck 
pain (n =21), Whiplash-Associated Disorders (WAD) (n=23) and an asymptomatic group (n=20). 
Their main findings included a reduction in clavicular retraction (right side) and elevation (left side) 
at rest between the neck pain group and the asymptomatic individuals. Interestingly, there was no 
statistical difference in the observed changes between the insidious onset neck pain and asymptomatic 
groups in any measurements during arm elevation as noted in the WAD group. 
 
 Indirect evidence of the relationship between scapular kinematics and neck 
pain. 
There is a group of studies that have indirectly strengthened evidence for the relationship 
between scapular kinematics and neck pain. For example, using quantitative sensory measurements 
of pain, Azevedo et al., (2008) found that asymptomatic individuals with a depressed shoulder girdle 
had a lower pressure pain threshold over the upper trapezius muscle than those with a neutral scapular 
alignment (based on clinical observation). These findings suggest that alteration of scapular 
orientation may alter the mechanical and/or physiological status of the trapezius muscle making it 
more sensitive to mechanical provocation. Observations of immediate effect in clinical outcomes in 
response to scapular repositioning have been consistent with these findings (Van Dillen et al., 2007). 
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Most studies, however, have provided only indirect evidence for the relationship between 
scapular kinematics and neck pain disorders. These studies mostly describe immediate and potentially 
transient effects of altering scapular orientation on cervical range of motion, muscle activity, and/or 
painful neck symptoms. Andrade et al., (2008) assessed subjects with either a neutral or depressed 
scapular posture and investigated the effect of passively elevating the scapulae. They found that the 
manoeuvre increased cervical rotation ROM similarly in both the group with depressed shoulder 
girdles (by 9.6o) and the group with neutral vertical scapular alignment (by 10.9°). The lack of 
difference in ROM between the two groups may have been related to the type of subjects tested, who 
were all asymptomatic and relatively young (mean age 22.8 years ±1.5). Although no difference 
between the groups was found, the overall effect of scapular elevation on cervical ROM suggests a 
connection between scapular posture and cervical ROM.  
 
Changing scapular posture also seems to alter perceived pain in neck pain patients during 
movement of the neck. Studies investigating the effect of active and passive scapular elevation report 
an acute effect of reduced pain and increased cervical range of movement in patients with neck pain 
(Ha et al., 2011; Lluch et al., 2014); Van Dillen et al., (2007). Similar symptom-modifying tests 
evaluating the effect of a change in scapular orientation in modifying either pain or range of 
movement of the shoulder have been described (Kibler et al., 2009).  
 
The effect of scapular repositioning on axioscapular muscle activity has also been explored 
using electromyography. Wegner et al., (2010) studied people with neck pain with a clinically 
observed poor scapular posture (“anything outside of mid-position between all available ranges of 
scapular motion”) and found increased activity of middle trapezius and reduced activity of lower 
trapezius during a five-minute typing task compared to asymptomatic individuals with ‘good’ 
scapular posture (“mid-position between all available ranges of scapular motion”). When the scapula 
of the neck pain group was repositioned into a ‘good’ posture, no difference was then observed 
between groups in any of the three portions of trapezius activity. Although it is not clear what other 
mechanisms may have underpinned the changes in muscle activity induced by the change in scapular 
orientation (i.e. reduced pain that was not recorded) this study does provide evidence of a potential 
link between scapular kinematics and axioscapular function that may be related to presence of neck 
pain.   
 
Overall, these studies describing transient effects of altering scapular orientation on cervical 
range of movement, muscle activity, and/or painful neck symptoms provide some evidence for the 
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biomechanical link between altered scapular kinematics and neck pain. Potentially, the modifications 
of scapular orientation may change the length-tension relationship of some muscles. The reduction in 
tension of the scapular spine muscles may allow for greater movement of cervical segments due to a 
reduction of compressive forces on pain-sensitive cervical structures or by reducing stretch effect of 
sensitive muscle tissue. Another possible explanation is that reduction of compressive forces may 
subsequently reduce possible mechanical load on the nerve roots or the peripheral neural system, thus 
allowing for greater movement without increasing the neural stretch associated with neck rotation 
(Behrsin and Maguire 1986; Van Dillen et al., 2007). 
 
 The need for further investigation  
While the reviewed literature provides some preliminary evidence for the association between 
altered scapular kinematics and neck pain the relationship is still unclear. Furthermore, there is 
evidence that scapular kinematics can be affected by a variety of factors spanning from not only 
individual characteristics, such as sex, BMI, age, and hand dominance, but also by habitual load 
experienced during work and sporting activities. Although many factors have been suggested in 
different studies, it is difficult to confidently conclude if and how those factors affect scapular 
kinematics. No study to date has undertaken a comprehensive evaluation of the multiple factors in a 
large cohort with a reliable and validated measurement method. Due to the limited knowledge of the 
range of ‘normal’ scapular kinematics and the associated modifying factors, the link between scapular 
kinematics and neck pain conditions is still mostly speculative. The body of work completed in the 
area of shoulder pathologies and scapular kinematics has created a methodological framework for 
investigating the role of the scapular kinematics in people with chronic neck pain. To date, the scant 
studies that have attempted to quantify scapular kinematics in the neck pain population probably 
reflects the challenges in its measurement.   
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 Challenges in the measurement of scapular kinematics 
Measurement of shoulder girdle kinematics is a challenge in both the clinical and research 
settings due to its unique articulation. Factors such as complexity of 3D joint movement, variations 
in soft tissue mass overlying the scapula between individuals, and the difference in relative scapular 
movement under the skin, make it hard to track surface landmarks to quantify scapular movements. 
The difficulty in assessing scapular movement has led to the development of a multitude of tests and 
tools that range from clinical observation to 3D analysis systems utilizing bone pins (Kibler et al., 
2002). This section will review the literature on the different methods.  
 
 Clinical measurements 
Clinical tests of scapular kinematics have been developed to assist clinicians in assessing 
scapular kinematics in different musculoskeletal disorders (mainly in relation to shoulder 
pathologies). Tests need to utilize available (low cost) equipment or no equipment to ensure uptake 
by the clinician and yet be reliable and sensitive enough to differentiate between symptomatic and 
asymptomatic individuals.   
 
 Observation 
Observational analysis is most commonly used by clinicians since it carries no additional costs 
other than time, and is easy to apply. However, the disadvantages of observational analysis include 
the subjective nature of the measurement/rating, dependency on the observer’s experience and skill 
level, lack of precision, and dependency on the observer’s angle of view. Studies assessing the inter-
rater reliability of observational analysis of scapular kinematics (dyskinesis) have reported a wide 
range of agreement with kappa values ranging from 0.31 to 0.75. Studies evaluating the reliability of 
observation as a clinical tool have used different criteria to classify scapular kinematics into different 
groups. Those using multiple categories (O'Leary et al., 2015), five categories (Struyf et al., 2009) or 
four categories (Kibler et al., 2002; Uhl et al., 2009), generally report less agreement compared to 
tools with three categories (McClure et al., 2009). The strongest agreement was reported from studies 
using two categories (yes/no) to describe scapular altered kinematics (Madsen et al., 2011; Uhl et al., 
2009). 
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 Tate et al., (2009) compared observational analysis of scapular kinematics and the results 
gained from a 3D motion analysis system in the classification of symptomatic (presence of shoulder 
pain) and asymptomatic subjects. The authors found that observation reliably categorized participants 
into groups of ‘no dyskinesis’ and ‘obvious dyskinesis’. Three dimensional motion analysis indicated 
that participants categorized into ‘obvious dyskinesis’ had less scapular downward rotation, less 
clavicular elevation, and greater clavicular protraction. Interestingly, there was no statistical 
difference between the groups regarding the presence or lack of shoulder symptoms, indicating that 
observation may be able to identify scapular dyskinesis but that the presence of dyskinesis may not 
necessarily indicate shoulder pathology. 
 
 Measurement of static scapular position 
Measurements of scapular position have been recorded ‘at rest’ or at varying degrees of static 
arm elevation. In general, these tests describe scapular position in only one plane using measures of 
distance from the spine, sternum, or other reference points to bony landmarks on the scapula. 
 
Measurement of scapular posture in anterior/posterior tilt has mainly been linked to the resting 
length of the pectoralis minor muscle (Borstad 2008). It is recorded as the distance between the 
posterior border of the acromion and the bed when the patient is lying supine (Borstad 2006; Nijs et 
al., 2005). Borstad (2006) noted that this measurement was greatly influenced by the amount of arm 
rotation, with a greater distance measured when the arm was internally rotated and pronated. It was 
also suggested that factors such as the body pressing the scapula against the bed could act as a passive 
stabilizer and thus the measurement might not truly represent scapular resting posture. This issue was 
addressed in Kibler and Sciascia (2010) by having a participant stand against a wall while 
measurements were taken from the anterior acromial tip to the wall using a modified calliper. It was 
not clear if this modification was more sensitive in assessing scapular tilt, as it was not compared to 
the method previously described. 
 
Two methods have been reported to measure scapulothoracic protraction/retraction. The first 
is a measure of the distance from the medial scapular border to the fourth thoracic spinous processes 
at rest and in scapular retraction (Host 1995; Nijs et al., 2005). The other method reported is the 
Scapular Index. This method uses a soft tape to measure the distance from the midpoint of the sternal 
notch (SN) to the medial aspect of the coracoid process (CP) and the horizontal distance from the 
posterolateral angle of the acromion (PLA) to the thoracic spine (TS) (Borstad 2006). This method 
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has been described as a measure of the scapula’s resting position. Although this index is described as 
evaluating the scapular position in the transverse plane, Borstad (2006) also contends that it reflected 
the contribution of the pectoralis minor to scapular resting position. This description of the pectoralis 
affecting both the horizontal plane and sagittal plane may be related to the contribution of the 
pectoralis minor both to protraction and anterior tilt of the scapula. Thus, there is confusion as to what 
this index actually measures. 
 
Measurement of the scapular upward rotation has been performed using a variety of measuring 
tools including the ‘modified inclinometer’ (Johnson et al., 2001), ‘Plurimeter-V gravity 
inclinometer’ (Watson et al., 2005), and the ‘scapulohumeral goniometer’ (Youdas et al., 1994). Only 
the first two of these tools have demonstrated good inter-rater reliability. Kibler (1998) describes the 
“lateral scapular slide measurement” as an objective measure of scapular asymmetry under different 
loads. This test uses three measures: the distance between a reference point on the spine to the inferior-
medial border of the scapula with a measuring tape or calliper, (i) with arms at rest (ii) hands on hips 
and (iii) arms at or below 90° abduction, with glenohumeral internal rotation. Other devices 
measuring both distance and angle, such as the ‘palpation meter’ (da Costa et al., 2010) use callipers 
and an inclinometer with good inter-rater reliability.  
 
In summary, a variety of tests using different tools have been suggested to assess scapular 
posture in its different planes. Although most of the tests have reported good inter- and intra-rater 
reliability, static clinical tests are limited to assessing the scapular position in a single axis of rotation 
at a time and have very limited scope in a comprehensive evaluation of the scapulothoracic joint 
which is capable of synchronous mobility in three axes of rotation (internal/external rotation, 
upward/downward rotation, anterior/posterior tilt) and two planes of translation 
(protraction/retraction and elevation/depression). Another major limitation of these tests is their 
inability to evaluate the scapula under dynamic conditions, which are more reflective of function.  
Further research validating clinical tools against 3D motion analysis are needed to explore the 
accuracy of these tools but this is beyond the scope of this thesis. 
 
 Three-dimensional motion capture  
Three-dimensional motion capture methods that are commonly described include the use of 
static measurements such as imaging and digitizing probes and technology that can also record 
dynamic movements such as optoelectronic or electromagnetic technology. Static recordings (i.e. 
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measurements recorded when the limb is held at a particular point in range) may vary depending on 
the method used (i.e. the limb being held actively or passively) and may not accurately reflect 
dynamic scapular motion. Ebaugh et al., (2005) compared measurement of scapular orientation during 
active and passive holding of the arm and found an increase in upward and external rotation of the 
scapula associated with clavicular retraction and elevation during active arm elevation. Fayad et al., 
(2006) reported reduced scapular upward rotation at static angles (60-90-120o) compared with 
dynamic elevation. Differences between passive and active movement have also been noted. 
McQuade and Smidt (1998) reported differences in scapulohumeral rhythm between active elevation, 
passive elevation, and loaded active elevation.  
 
 Imaging methods of 3D scapular motion 
Radiographic assessment of scapular posture involves single-plane radiographic imaging. 
While not strictly 3D, these images are commonly used to investigate shoulder pathologies (de Groot 
et al., 1999; Endo et al., 2001; Mandalidis et al., 1999; Peterson et al., 1997) utilizing software to 
convert plane radiograph imaging to 3D images (Bey et al., 2006) and 3D computed tomography. 
The disadvantages of radiographs are that they are single-plane views, are limited to static 
measurements, exposure participants to radiation, and are limited to the posture required for ease of 
imaging. 
 
Two different methods of 3D MRI have also been described in the literature. The first is the 
open vertical 3D MRI which records seven different angles of abduction in a seated position, although 
it is unclear if abduction is held passively or actively as the participants hold on to a static device 
(Sahara et al., 2007). The second method uses a horizontal MRI where the subject is supine with the 
arm placed in the passive position investigated (Koishi et al., 2011). To explore scapular orientation, 
the open vertical MRI has the advantage of placing the subject in a more functional antigravity 
position of upper limb movement. The advantages of MRI, whether open or horizontal, is that it 
permits the identification of the axes of rotation of the clavicular, sternoclavicular, and 
scapulothoracic joints with more accuracy than skin surface marker recordings and allows in vivo 
recordings without inserting bone pins. The disadvantages include the limitation to static imaging 
positions, MRI sensitivity to movement artefacts, and the high financial cost. 
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 Digitizing probes 
Measurements with digitizing probes are based on palpation of bony landmarks to establish 
positions of the bony landmarks in space (X, Y, and Z axes). The digitizing probe uses a 3D motion 
analysis system (either magnetic or optic) to allow 3D identification of a bony landmark. The 
measurement is performed with the subject in a static position. The assessor identifies the bony 
landmark using either a single probe (Bourne et al., 2009; Hébert et al., 2000; Lempereur et al., 2010; 
Meskers et al., 1999; Roy et al., 2007; van der Helm and Pronk 1995) or a 3-pin probe device (known 
as a scapular locator) set to the individual scapular bony landmarks (Barnett et al., 1999; Shaheen et 
al., 2011; van Andel et al., 2009). The digitizing probes allow 3D reconstruction of bony landmarks 
to calculate the scapular position in relation to the thoracic spine. Bourne et al., (2009) tested the 
Optotrak probing system against a pin inserted into the scapula and found it to be a valid method for 
measuring changes in scapular kinematics, but reported greater errors in full abduction range and 
small scapular motions. The scapular locator has also been used to assess the accuracy of skin-based 
markers (Lempereur et al., 2010) and cluster markers designed to track 3D movement (Prinold et al., 
2011; van Andel et al., 2009). The digitizing probes rely on accurate identification of bony landmarks 
by palpation. Although palpation has been found to be a reliable tool to identify bony landmarks (de 
Groot 1997; Lewis et al., 2002), examiner accuracy in palpation is vital when using the scapula 
locator, since palpation errors may have a significant impact on any results (Langenderfer et al., 
2009). Several methods have been developed to improve the accuracy of the scapular locator. Shaheen 
et al., (2011) have described the addition of a pressure sensor to the scapular locator to improve 
accuracy of the placement of the device during slow elevation movement of the arm. The main 
limitation of the procedure is its reduced ability to track free movement as it is restricted to slow 
speeds. Manual handling of the locator by the assessor means that the method is potentially associated 
with intra-observer and inter-observer errors (de Groot 1997; Meskers et al., 1998). 
 
 Electromagnetic and optoelectric systems  
The main 3D motion analysis systems used to measure upper limb movement include 
electromagnetic (e.g., Flock of Birds, Fastrak) and optoelectric (e.g., Vicon, Optotrak) systems. 3D 
motion analysis tools have high accuracy in identifying a static point in a defined volume (Vicon – 
1mm in a 4x4x4 volume, Flock of Birds electromagnetic tracking sensors – static accuracy at 1.8 mm 
and 0.5°). The electromagnetic systems use a transmitter and several receivers placed on anatomical 
landmarks. The transmitter generates a low-frequency electromagnetic field, which is detected by the 
sensors. The optoelectronic systems employ a set of cameras that capture skin-based reflective 
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markers. Both systems report high accuracy but have limitations regarding interference. 
Electromagnetic-based systems report measurement errors due to interference from other magnetic 
fields, such as metal within building construction and other electrical devices. The optoelectric 
systems rely on at least three cameras to locate the reflective markers, and issues of marker dropout 
are reported due to marker placement, obstruction of the camera’s view of the marker, or camera 
calibration.  
 
Two methods have been reported to track bony landmarks when using electromagnetic and 
optoelectric systems that include the use of bone pins and surface skin markers. 
 
Bone pin methods 
The bone pin study is the main method used to investigate movement in vivo. They involve 
insertion of metal pins into the bones of the upper limb to track its movement and are considered the 
gold standard in the measurement of shoulder girdle function as they are not impacted by skin 
movement error. Due to the invasive nature of this technique, only a few studies have published, all 
of which involve small numbers of participants. Karduna et al., (2001) inserted bone pins into the 
scapula and compared their movement to that recorded by a magnetic tracking device using two 
different sensor placement techniques. They found the output from both sensor techniques to be 
comparable to the bone pin measurements, with movement under 120° shoulder flexion. Bourne et al 
Bourne et al., (2009) inserted one bone pin into the scapula and validated a digitizing probe to assess 
scapular posture non-invasively. Ludewig et al., (2009) in a unique study, recorded movement of all 
joints of the upper limb (scapulothoracic, sternoclavicular and acromioclavicular) by inserting bone 
pins into the spine of the scapular, the distal clavicle and lateral humerus at the deltoid insertion. 
Braman et al., (2009) and Lunden et al., (2010) published further data from this study of upper limb 
movements exploring unconstrained movements and a push-up exercise. While this method may 
reveal accurate measurements, its main disadvantage is the invasive nature of the technique and 
therefore its lack of application to clinical settings. The impact of the bone pin insertion with regards 
to changing usual movement patterns due to pain, and potentially apprehension of motion during 
testing, may also be a factor.    
 
Surface skin marker methods 
Motion analysis systems using surface skin markers have been developed to accurately assess 
3D movement without the need for invasive procedures. Using skin-based sensors or reflective 
markers, bony landmarks are tracked and reconstructed by specific software to describe 3D 
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movement of joints. Skin movement error is one of the main problems affecting the accuracy of 
motion analysis systems using surface skin markers. Skin movement changes the relationship 
between skin-to-bony landmarks producing a measurement error between the marker placement at 
the initiation and completion of a movement sequence. Measurement errors of about 5o have been 
reported for arm movements below 120o elevation and greater errors above 120o elevation when using 
surface measurement techniques (Karduna et al., 2001; Matsui et al., 2006). This has led to the 
development of tools to reduce skin movement error (Barnett et al., 1999; van Andel et al., 2009). 
van Andel et al., (2009) describe an acromion tracker for optoelectric motion analysis systems 
consisting of a cluster of three reflective markers set on a rigid plate attached to the acromion (known 
as an ‘acromion marker cluster’). The single sensor is easily attached to the acromion and allows 
continuous tracking of scapular movement during arm elevation without interference by the assessor 
(Ludewig and Cook 2000; McCully et al., 2005; McQuade and Smidt 1998).  
 
 Three-dimensional motion capture using acromion marker clusters 
The acromion marker cluster (AMC) is a sensor placed on the acromion and calibrated to three 
anatomical landmarks on the scapula. The single sensor is easily attached to the acromion and allows 
for continuous measurement of scapular movement during arm elevation without interference by the 
assessor (Ludewig and Cook 2000; McCully et al., 2005; McQuade and Smidt 1998). While the skin 
over the acromion is considered to be the area on the scapula with the least skin movement (Matsui 
et al., 2006), some skin movement still exists. Therefore, the accuracy of the AMC is reduced for 
angles over 100o shoulder elevation due to skin movement (Karduna et al., 2001; Meskers et al., 2007; 
van Andel et al., 2009).  
 
Several factors are considered to have an impact on the accuracy of the AMC. It has been 
reported that the AMC is sensitive to the exact location at which it is positioned on the acromion 
(Shaheen et al., (2011) and is influenced by specific calibration procedures (Prinold et al., 2011; 
Shaheen et al., 2011). Optoelectric systems rely on at least three cameras to locate the reflective 
markers and can be hampered by marker dropout due to marker placement, obstruction of camera 
view, or suboptimal calibration of cameras. Consistency of marker identification when using an 
acromion tracker is essential as 3D reconstruction of the scapula is not possible if markers drop out 
during movement. Greater accuracy has been reported if initial calibration is matched to the range of 
shoulder elevation (Prinold et al., (2011) with the optimal single-calibration position reported at 90o 
arm elevation (measured only in scapular plane of movement).  
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Previous cluster marker designs used to track large segments such as the arm or legs have 
attached reflective markers to a large rigid plate. While this base plate design may work well for 
larger surface areas, they may be problematic when placed on an area as small as the acromion. It 
was considered that the measurement errors reported for previous AMC designs may be design-
related and, specifically, that an overly large base may impinge on soft tissues such as the deltoid in 
the higher ranges of shoulder elevation. This thesis proposes that optimal tracking of the scapular 
requires an AMC with a small base to allow for its attachment to the relatively small region of the 
spine of scapula transition into the acromion bone (minimizing contact with underlying soft tissue) 
while still enabling independent recognition of each marker on the plate. 
 
For this thesis, therefore, the development and validity testing of a new AMC design was 
undertaken and utilised in all studies. Specifically, design features of the new AMC required that it 
had a small, lightweight base of appropriate shape that was easily attached to the acromion, and a low 
base marker design with adequate space between the markers to be individually identified by the 
cameras. The process of AMC design and validity testing are extensively described in Chapter 3 and 
Chapter 4.  
 
 
Figure 2.3 Acromion Trackers used in Previous Studies 
Small base clusters with markers mounted on pins A (Shaheen et al., 2011), B (van 
Andel et al., 2009), and a large base cluster with markers attached directly to the 
base C (Warner et al., 2012).  
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 Summary 
Chapter 2 has highlighted the gaps in knowledge of scapular kinematics with particular regard 
to issues concerning measurement methods, insufficient investigation of individual factors 
influencing scapular kinematics, and the paucity of studies comparing scapular kinematics in 
populations with and without neck pain using quantitative methods. The few studies that have 
measured scapular kinematics have used small samples making it difficult to generalize the findings.  
 
As stated in Chapter 1, this thesis focuses on one element of scapular kinematics, namely 
shoulder girdle resting posture in upright standing but will also explore the accuracy of measures in 
a range of arm and clavicle postures for future research. Chapter 3 (Study 1) will describe the 
development of the new AMC design and its validity in the measurement of scapular kinematics in 
an upper limb task.  
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- CHAPTER 3 – 
 
3. Study 1 – Validity and reliability of an acromion marker 
cluster for recording scapular kinematics  
 
Chapter 2 discussed the challenges of accurate measurement of scapular kinematics and the 
advantages and disadvantages of 3D motion capture using skin-based marker clusters and specifically 
the acromion marker cluster (AMC). One limitation of a skin-based marker cluster is measurement 
errors arising from soft tissue overlying the acromion. A review of the current literature has raised the 
possibility of improving accuracy of the AMC method by implementing recommendations of the 
AMC attachment location and design. Chapter 3 will test the validity and reliability of a modified 
AMC configuration based on these recommendations, including AMC attachment location and 
design, for tracking scapular kinematics during humeral flexion.  
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 Abstract 
In this study, the validity and within-session test-retest reliability of a skin-based Acromion 
Marker Cluster (AMC) in the measurement of scapular orientation during humeral flexion was 
evaluated against a Scapular Locator (SL). Twenty (10 male, 10 female) asymptomatic participants’ 
right scapula was captured with an eight-camera, 3D movement registration system. Positional data 
of the AMC and SL were recorded with each participant’s arm at rest, 30°, 60°, 90°, and 120° humeral 
flexion. Intraclass Correlation Coefficients (ICC) of all scapular rotations showed excellent 
agreement in all angles of humeral flexion (ICC 0.80-0.98) except for anterior/posterior tilt at 120° 
humeral flexion that showed good agreement (ICC 0.67). The root-mean-square error (RMSE) 
between AMC and SL was <5.12° of scapular internal/external rotation and anterior/posterior tilt for 
humeral flexion angles between rest and 120°. The RMSE between AMC and SL of scapular upward 
rotation at 90° and 120° humeral flexion was 7.4° and 8.7°, respectively. Results indicate that the AMC 
design tested in this study is a reliable and valid method of recording scapular orientation up to 90° 
humeral flexion. However, possibly due to increased skin movement, it is more susceptible to 
measurement error above 90° humeral flexion. 
 
 Introduction 
Skin-based markers are commonly used to track scapular orientation but are prone to error 
due to the relative movement between the scapula and the overlying skin (Lempereur et al., 2014). 
The Acromion Marker Cluster (AMC) is a skin-based method designed to minimize skin movement 
error via its placement over the bony acromion of the scapula. However, the AMC method is still 
considered to be inaccurate due to skin movement and soft tissue error with arm elevation above 90° 
(Brochard et al., 2011; Picco et al., 2010; Prinold et al., 2011; van Andel et al., 2009; Warner et al., 
2012). Several AMC designs have been used in the past reporting various measurement errors due to 
skin movement (Lempereur et al., 2012; Shaheen et al., 2011; van Andel et al., 2009; Warner et al., 
2012). It is suggested that implementation of the latest recommendation regarding the construction of 
37 
 
the AMC design (Lempereur et al., 2014; Warner et al., 2012) and the accumulated knowledge from 
previously studied AMC designs combined with recommended attachment location (Shaheen et al., 
2011) will improve the accuracy of the AMC design by reducing skin movement error.  
 
Therefore, the aims of this study were to evaluate the concurrent validity of the modified AMC by 
comparing it with the SL, when the scapula was calibrated to the AMC at shoulder rest and assess the 
within-session test-retest reliability of the AMC and SL methods. 
 
  Methods 
 Participants  
Twenty right-handed asymptomatic volunteers (10 males aged 32 ± 5.2 (years ± SD), BMI 
27.2 ± 5.4 (kg ± SD) and 10 females aged 31.2 ± 9.8, BMI 21.4 ± 2.7 with no current shoulder pain 
or previous major trauma to the neck or shoulder participated in the study (Table 3.3-1). The study 
was approved by the Institutional Medical Research Ethics Committee and all participants provided 
written consent. 
 
Table 3.3-1 Participant Demographics, Mean, Standard Deviation (SD), and Range 
  Age (years) Weight (kg) Height (m) BMI (kg/m
2) 
Group (n=20) 32 (8.0) 73.9 (19.7) 1.73 (0.09) 24.3 (5.1) 
 Range (19-53) (51-134) (1.58-1.86) (18.9-42.3) 
Males (n=10) 32.6 (5.2) 88.6 (17.0) 1.80 (0.05) 27.2 (5.4) 
 Range (26-42) (73-134) (1.71-1.86) (23.5-42.3) 
Females (n=10) 31.2 (9.8) 59.2 (7.1) 1.66 (0.1) 21.4 (2.7) 
 Range (19-53) (51-75) (1.58-1.80) (19-27.5) 
  
 
 Acromion marker cluster (AMC) design 
The AMC tested in this study is a modification of several existing designs with adaptations 
made in both design and attachment location. Adequate spacing between markers allows a consistent 
capture of the markers by the cameras (Lempereur et al., 2014) and accuracy is increased when 
markers are further apart. This has led to the development of two types of AMC designs: A large base 
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to which markers are directly attached (Warner et al., 2012) and a small base with markers mounted 
on pins (Lempereur et al., 2012; Shaheen et al., 2011; van Andel et al., 2009) (Figure 2.3). However, 
although both designs allow distance between the markers, several issues have been flagged as 
potentially affecting the accuracy of the AMC. The increased size of the base, especially towards the 
anterior aspect, might expose the design to soft tissue impact, particularly in higher ranges of 
elevation due to the anterior deltoid bulk during humeral flexion (Warner et al., 2012). A design with 
a smaller base would have a center of gravity further away from the base than the design with the 
larger base, due to the marker mounted on pins which may expose the design to vibration and 
movement artifacts due to the weight of the markers. The design tested in this study is a combination 
of the designs described above. The midsize design was constructed with a lightweight rigid plastic 
base (Length: 50mm, Width: 15mm, Weight: 7g) to minimize the effect of skin movement associated 
with deltoid contraction, particularly during shoulder flexion above 90° compared to a large base 
(Warner et al., 2012). The midsize base required the three 9mm reflective markers to be mounted on 
low-set pins and were orientated at an angle to the base to ensure adequate inter-marker distance 
(40mm) (Figure 3.1 A) for detection and to keep the design’s center of gravity close to the base. The 
base was also constructed to conform to the bony anatomy of the current recommended attachment 
site (scapula spine transition into the acromion) (Shaheen et al., 2011). 
 
 
Figure 3.1 AMC design (A), SL (B), and Protocol Setup (C) 
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An SL was constructed similar to those of previous studies (Prinold et al., 2011; Shaheen et al., 
2011) with two adjustable arms which allowed three pins to be aligned with the acromion angle, 
root of spine, and inferior angle of the scapula (Figure 3.1B). Three non-collinear reflective markers 
mounted on the SL (SL local axis system) were used to track the SL. The location of the SL pins in 
relation to the SL axis system were determined in a separate calibration recording. 
 
 Procedure 
The AMC was attached to the skin overlying the spine of scapula transition into the acromion 
(Figure 3.1 A) using double-sided tape. Reflective markers were attached to anatomical landmarks of 
the thorax (suprasternal notch, xiphoid process, C7, T8), clavicle (proximal and distal clavicle heads), 
and humerus (medial and lateral epicondyle of the right elbow) as recommended by the International 
Society of Biomechanics (Wu et al., 2005) to allow the orientation of the scapula, clavicle, and 
humerus to be referenced to the thorax axis system. Additional clusters with four non-collinear 
markers were attached to the mid-sternum and upper arm (at the level of the deltoid insertion to the 
humerus) to record orientation of the thorax and humerus, respectively. A single calibration recording 
of all reflective markers and the scapula locator placed over the anatomical bony landmarks of the 
scapula was recorded while participants stood with feet shoulder-width apart and arms resting by their 
sides, allowed the locations of all anatomical landmarks to be defined to their respective cluster axes 
systems.  
 
An eight-camera 3D movement registration system (T40, Vicon Motion Systems, Nexus 
Software v1.8, Oxford, UK) recorded positional data of the reflective markers at 120 samples/second. 
Participants faced towards positive X-axis, positive Y-axis was to the left, and positive Z-axis was 
upwards. 
 
Humeral flexion angle in relation to the volume was measured in degrees (°) by an 
inclinometer (Baseline Bubble® Inclinometer, Fabrication Enterprises Inc., New York, NY, USA) 
attached to the participant’s posterior upper arm (Figure 3.1C). Participants stood with their feet 
shoulder-width apart and facing forward while holding their right arm for ten seconds at rest, and then 
30°, 60°, 90°, and 120° humeral flexion. An adjustable horizontal bar attached to a vertical pole 
positioned in front of the participant guided their arms. At each humeral flexion angle, the SL was 
placed over the relevant scapular bony landmarks and positional data of all clusters and SL was 
recorded for 3 seconds. This process was repeated 3 times with a 10-second rest between repetitions 
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and a 1-minute rest between the humeral flexion angles to avoid fatigue. Humeral thoracic flexion 
angle and scapular protraction/retraction and elevation/depression were measured in relation to the 
thorax axis system. 
 
One investigator attached all markers and clusters, was responsible for positioning the SL, 
and supervised the performance of all experimental conditions. 
 
 Data analysis 
Data was analysed in MATLAB (version R2012b, MathWorks, Natick, MA, USA).  
Anatomical landmarks of the thorax, upper arm, and scapula based on the AMC and SL were 
reconstructed from the respective cluster axes systems to the global coordinate system. Anatomical 
axes systems for the thorax, scapula, and shoulder were created from the reconstructed anatomical 
landmarks according to the ISB (Wu et al., 2005). Scapular orientation from both the AMC and SL 
were expressed in the thorax anatomical axis system. Scapular internal/external, upward/downward 
rotation, anterior/posterior tilt, and shoulder flexion angle in relation to the thorax were calculated 
using the Euler angle sequence of rotations with this sequence as described by (Wu et al., 2005) in 
degrees and averaged over 0.5s duration to reduce marker and cluster movement related to breathing 
and trunk sway. 
 
 Statistical analysis 
 Test-retest reliability of AMC and SL 
Intraclass Correlation Coefficients (ICC (C,1)) (McGraw and Wong 1996) were calculated to 
assess the test-retest reliability of the AMC and SL methods, arm and clavicle orientation  over three 
repetitions at each shoulder flexion angle. ICC values of less than 0.4 were classified as poor, between 
0.4 and 0.59 as fair, between 0.6 to 0.74 good, and greater than 0.75 as excellent (Cicchetti 1994). 
Based on the ICC results, the standard error of measurement (SEM), calculated as SD (pooled from 
three repetitions) × √(1-ICC), and minimal detectable difference (MDD), calculated as 1.96 x SQRT 
(2) x SEM, were calculated for the SL and AMC. ICC values were also calculated for test-retest 
reliability of the arm and scapula in the protraction/retraction and elevation/depression rotations 
positions during the three arm elevation tasks. 
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 Concurrent validity between AMC and SL 
The two methods were compared using repeated measurement analysis of variance (ANOVA) 
with method (AMC, SL) and humeral flexion angle (rest, 30 °, 60 °, 90 and 120 °) as within-subject 
factors and sex as between-subject factor. If a significant angle × method interaction was observed, a 
post-hoc analysis with the Bonferroni correction performed to evaluate whether differences between 
AMC and SL methods at each shoulder flexion angle were significant. The corrected p-values are 
reported.  
 
The concurrent validity between the AMC and SL methods was assessed with an ICC (2,K) 
two-way random effects model using absolute agreement (average measure). The mean difference 
(bias; AMC-SL) between the methods was calculated and the 95% limits of agreement were 
calculated as the standard deviation (SD) of the difference between the methods multiplied by 1.96 
(Bland and Altman 1986) and Bland–Altman plots (Bland and Altman 1986; Bland and Altman 1999) 
were created to visualize differences between methods and to identify outliers and systematic errors. 
 
The root-mean-square error (RMSE) between the two methods was also calculated. 
All statistical analyses were performed with SPSS version 20.0 (IBM Corporation, New York, NY, 
USA). Significance level was set at p<0.05. 
 
 Results 
Test-retest reliability: ICC analysis of the AMC demonstrated excellent reliability in all three 
scapular orientation angles at rest and in humeral flexion angles between 30-120° (ICC 0.93 - 0.99). 
The SL test-retest reliability demonstrated excellent reliability of internal/external rotation and 
upward/downward rotation at rest and in humeral flexion angles between 30-120° (ICC 0.85 - 0.98). 
The SL anterior/posterior rotation demonstrated good reliability in 120° humeral flexion (ICC 0.67). 
There was consistency between the repetitions, therefore the mean of three repetitions was used to 
assess concurrent validity. Excellent consistency was observed in shoulder girdle orientation between 
the repetitions both in the humeral angles (ICC 0.91-0.99) and clavicular posture in 
elevation/depression (ICC 0.82-0.98) and protraction (0.94-0.98) axes of rotation (Table 3.4-1). 
Although excellent reliability between the humeral flexion repetitions was noted, Figure 3.2 shows a 
noticeable difference between the humeral flexion measured with the inclinometer (in relation to the 
vertical) and humeral flexion measured in relation to the thorax reference frame. Mean humeral 
flexion measurement in relation to the thorax showed a ~80° maximum humeral-thoracic flexion 
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angle, while 120° angle was measured by the inclinometer. Results of the test-retest reliability for the 
AMC, SL, humeral-thoracic repositioning, and clavicular posture are presented in Table 3.4-1. 
Bland–Altman plots with limits of agreement are presented in Figure 3.3. Results are presented as 
shoulder angles in relation to the vertical as measured by the inclinometer. 
 
 
Figure 3.2 Humeral Flexion in Relation to the Vertical and 
Thorax Reference.  
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Table 3.4-1 Table Within-session Test-retest Reliability.  
  
Rest 30 60 90 120 
AMC  ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD 
 Int/Ext  0.89 (0.74-0.95) 1.52 4.21 0.97 (0.93-0.99) 0.96 2.67 0.97 (0.93-0.99) 1.13 3.13 0.98 (0.96-0.99) 1.17 3.23 0.94 (0.88-0.98) 1.85 5.14 
Up/Down 0.99 (0.97-0.995) 0.85 2.36 0.99 (0.97-0.99) 1.06 2.94 0.98 (0.97-0.99) 1.29 3.57 0.99 (0.98-0.997) 1.06 2.95 0.98 (0.97-0.99) 1.3 3.6 
Ant/Post tilt 0.93 (0.83-0.97) 1.24 3.44 0.97 (0.93-0.99) 0.82 2.27 0.96 (0.92-0.98) 1 2.77 0.94 (0.87-0.97) 1.24 3.44 0.91 (0.82-0.96) 1.46 4.04 
SL                                
 Int/Ext  0.87 (0.71-0.95) 1.71 4.73 0.92 (0.84-0.96) 1.73 4.78 0.94 (0.87-0.97) 1.76 4.87 0.9 (0.8-0.96) 2.42 6.7 0.9 (0.81-0.96) 2.28 6.32 
Up/Down 0.98 (0.95-0.99) 1.01 2.81 0.94 (0.88-0.98) 1.97 5.45 0.95 (0.89-0.98) 2.25 6.24 0.96 (0.92-0.98) 2.44 6.75 0.86 (0.74-0.94) 3.56 9.87 
Ant/Post tilt 0.85 (0.66-0.94) 1.88 5.2 0.88 (0.77-0.95) 1.62 4.5 0.87 (0.75-0.94) 1.76 4.87 0.89 (0.79-0.95) 1.68 4.66 0.67 (0.44-0.84) 2.95 8.19 
Humero-thoracic flexion   
  0.91 (0.79-0.96) 1.62 4.5 0.98 (0.97-0.99) 1.07 2.95 0.98 (0.97-0.99) 1.04 2.89 0.99 (0.97-0.995) 0.84 2.32 0.97 (0.94-0.99) 1.58 4.38 
Clavicle    
Ele/Dep 0.82 (0.61-0.93) 1.93 5.36 0.96 (0.92-0.98) 1.14 3.15 0.98 (0.96-0.99) 0.92 2.54 0.96 (0.92-0.98) 1.36 3.78 0.9 (0.81-0.96) 1.97 5.46 
Pro/Ret 0.97 (0.92-0.99) 0.67 1.86 0.98 (0.96-0.99) 0.58 1.62 0.97 (0.93-0.99) 0.8 2.22 0.98 (0.96-0.99) 0.8 2.21 0.94 (0.88-0.97) 1.43 3.96 
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Figure 3.3 Bland–Altman Plots 
Bland–Altman plots with 95% limits of agreement. The difference between the 
Acromion Marker Cluster (AMC) and scapula locator (SL) (Y-axis) is plotted 
against the mean of both measures (X-axis) at different shoulder flexion angles 
(in relation to the vertical). The solid line represents the mean difference, i.e. bias 
between AMC and SL (AMC–SL) and dashed lines represent the 95% limits of 
agreement between the AMC and SL measurements. 
 
A consistent interaction effect between angle and method (AMC vs. SL) was observed in all 
scapular rotation axes (all, p<0.001) but no significance was noted with the between-factor 
interactions (sex, p>0.2) Post-hoc analysis showed significant differences (p<0.001) between 
methods in all three axes of scapular rotation at arm flexion angles ranging between 60°-120°. At 
these shoulder angles, the AMC overestimated scapular angle compared to the SL method. There was 
a consistent increase in upward rotation, external rotation, and posterior tilt of the scapula with 
increased humeral flexion angles. 
 
The mean and standard deviation across the participants for the AMC and SL methods at each 
humeral flexion angle are displayed in Figure 3.4 for each scapular rotation. Excellent ICC values 
(Table 3.4-2) were observed in scapular internal/external rotation (ICC 0.87-0.97) at all humeral 
flexion angles and in scapula upward/downward rotation between rest and 90° humeral flexion (ICC 
0.88-0.99). Excellent agreement was also observed in anterior/posterior tilt at rest and up to 60° 
humeral flexion (0.79-0.96), with good agreement at 90° (ICC 0.62), but poor agreement at 120° (ICC 
0.3).  
 
The RMSE between the AMC and the SL progressively increased (Table 3.4-2) in all rotations 
of the scapula with increasing humeral flexion (1.2° to 1.5° at rest, 1.4° to 2.4° at 30° humeral flexion, 
and 3.4° to 4.5° at 60° humeral flexion). At 90° and 120° humeral flexion, scapular upward/downward 
rotation recorded the highest error (7.48° and 8.7°, respectively) compared to internal/external 
scapular rotation (4.9° at 90° and 4.9° at 120° humeral flexion) and anterior/posterior scapular tilt 
(4.5 ° at 90°and 5.12° at 120°). The SEM and MDD values for all scapular rotations at the different 
angle of humeral flexion are displayed in Table 3.4-2. 
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Figure 3.4 Mean and Standard Deviation (SD) for the Acromion Marker Cluster (AMC) and the Scapula Locator (SL) at Different 
Humeral Flexion Angles. 
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Table 3.4-2 Concurrent Validity Results 
Scapula Axis 
Mean (SD)   
AMC SL Mean Diff (SD) RMSE ICC (95%CI) SEM MDD 
Rest 
Int/Ext  29.3° (4.5°) 29.4° (4.7°) -0.1° (1.6°) 1.22° 0.97(0.92-0.99) 0.79 2.19 
Up/Down  1.7° (8.3°) 1.8° (7.5°) -0.1° (1.9°) 1.52° 0.99(0.97-0.99) 0.92 2.55 
Ant/Post Tilt -14.3° (4.7°) -14.3° (4.7°) -0.1° (2°) 1.54° 0.96(0.89-0.98) 0.97 2.69 
30 
Int/Ext  32° (5.4°) 32.1° (6°) -0.1° (2.2°) 1.44° 0.96(0.91-0.99) 1.06 2.94 
Up/Down -1.5° (9.3°) 0.3° (8.2°) -1.9° (2.7°) 2.4° 0.97(0.86-0.99) 1.63 4.52 
Ant/Post Tilt -12.9° (4.6°) -12° (4.6°) -0.9° (2.5°) 2.14° 0.91(0.77-0.96) 1.36 3.77 
60 
Int/Ext 35.6° (6.4°) 32.6° (7.3°) 3.1° (2.9°) 3.39° 0.91(0.33-0.97) 2.09 5.79 
Up/Down -8.7° (10.9°) -4.6° (10.6°) -4.1° (3.3°) 4.45° 0.94(0.32-0.99) 2.61 7.23 
Ant/Post Tilt -10.4° (5°) -8.6° (4.9°) -1.8° (4°) 3.42° 0.79(0.47-0.92) 2.29 6.35 
90 
Int/Ext 39.3° (8.2°) 34.8° (7.4°) 4.4° (3.1°) 4.91° 0.89(-0.03-0.97) 2.7 7.48 
Up/Down -17.3° (11.7°) -10° (12°) -7.3° (4.1°) 7.41° 0.88(-0.12-0.97) 4.19 11.61 
Ant/Post Tilt -8.7° (4.9°) -5.6° (5°) -3.1° (4.8°) 4.52° 0.62(0.06-0.85) 3.17 8.79 
120 
Int/Ext 41.8° (7.7°) 37.7° (7.2°) 4.2° (3.7°) 4.88° 0.87(0.14-0.96) 2.81 7.79 
Up/Down -24° (10.6°) -15.4° (9.4°) -8.6° (6.5°) 8.68° 0.74(-0.18-0.92) 5.54 15.36 
Ant/Post Tilt -7.4° (4.8°) -4.5° (4.6°) -3° (5.9°) 5.12° 0.3(-0.48-0.7) 4.07 11.28 
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 Discussion  
The modified AMC design was found to be a valid and reliable method for tracking scapular 
orientation from rest to 90° humeral flexion (max RMSE <4.45° and ICC 0.79-0.99, max SEM 2.61°, 
MDD max 7.2° ) when compared to the SL. However, over 90° humeral flexion, errors increased 
mainly in scapular upward rotation at 90° and 120° (RMSE 7.4° and 8.68°, respectively). These error 
values are close to those reported in previous studies (4.7° to 8.92°) (Brochard et al., 2011; Lempereur 
et al., 2012; van Andel et al., 2009; Warner et al., 2012). ICC values between the methods also reduced 
at 90° and 120° humeral flexion, mainly in anterior/posterior tilt of the scapula (ICC 0.62 and 0.3, 
respectively). The larger error above 90° humeral flexion observed in the current study and previous 
studies (Brochard et al., 2011; Lempereur et al., 2012; van Andel et al., 2009; Warner et al., 2012) 
reinforce the idea that AMC methods are prone to error in these more elevated humeral positions, 
even when design is optimized to reduce impact of skin movement and soft tissue artefacts. It should 
be noted that the scapular anatomical landmarks were only calibrated to the AMC when arms were 
in resting position in this study. Additional calibrations at other arm flexion angles have been shown 
to improve AMC accuracy at higher humeral flexion angles (Brochard et al., 2011) by compensating 
for the associated soft tissue artefacts.  
 
The overestimation recorded by the AMC method above 60° arm elevation in all axes of 
rotation is consistent with findings reported by Warner et al., (2012). The overestimation of the AMC 
may be due to soft tissue artefacts such as muscle bulk and skin tissue bunching at higher levels of 
elevation. However, in contrast, van Andel et al., (2009) reported an underestimation of the AMC in 
anterior/posterior tilt compared to the SL method. This may be explained by the resemblance of the 
design tested in this study with a low center of gravity in Warner’s et al. design, compared to that of 
the design used by van Andel et al. The consistent overestimation in all rotations may allow for 
correction of skin and soft tissue artefacts, as conducted in previous studies (Bourne et al., 2009). 
 
Reliability of within-session test-retest reliability was excellent for both the AMC and SL 
methods in 14 out of the 15 ICC measures (ICC 0.85-0.99) and was good for 120° in anterior/posterior 
tilt (ICC 0.67), and this is consistent with previous studies (Brochard et al., 2011; Lempereur et al., 
2012). Although the within-session test-retest reliability was mostly excellent for both methods, the 
AMC showed more consistency compared to that of the SL. This is likely to be related to the fact that 
manual identification of scapular anatomical landmarks is required to align the SL to match the 
scapular orientation at each shoulder angle, increasing the likelihood of measurement errors related 
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to the constant reapplication of the scapular locator (de Groot 1997; Meskers et al., 2007; Shaheen et 
al., 2011). 
 
A low angle of maximal scapula upward rotation (max 24°) was observed in this study when 
compared to those reported in previous publications (up to 40°) (Lawrence et al., 2014; Meskers et 
al., 2007). The difference in humeral flexion angle (Figure 3.2) in relation to the vertical, as reported 
in this study (as well as by van Andel et al., (2009)), and the thorax reference frame, may explain the 
relatively low increase of scapular upward rotation with increased arm flexion angle reported in this 
study compared to studies reporting scapular angles measured in relation to humero-thoracic 
measurements (Ludewig et al., 2009). The difference in humeral flexion observed with the Vicon and 
the inclinometer can be related to the inability of the inclinometer to distinguish between 
compensations of the trunk and scapula in the motion of humeral flexion, therefore participants may 
have increased trunk extension and/or scapula elevation by that increasing total humeral elevation in 
comparison to the vertical without increase in humero-thoracic angle. Although the study tried to 
reduce these compensatory movements it is plausible that they were not totally controlled. 
 
Only humeral flexion was assessed in this study, while other studies have included humeral 
abduction and scapular plane abduction in their protocol (Brochard et al., 2011; Shaheen et al., 2011; 
van Andel et al., 2009; van den Noort et al., 2015; Warner et al., 2012); therefore, generalizability of 
current findings are limited to arm movements in the sagittal plane. In this study, a modified AMC 
design used with a single calibration recording was shown to be a reliable and valid method of 
tracking scapular orientation up to 90° humeral flexion. However, as noted in previous versions, it 
was susceptible to measurement error above 90° humeral flexion. 
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- CHAPTER 4 – 
 
4. Study 2 – Reliability and validity of an acromion marker 
cluster for recording scapular posture at end range 
clavicular protraction, retraction, elevation, and 
depression 
 
Tracking the scapula using 3D motion analysis systems requires an accurate tracking method 
of the scapula during humeral movement. Study 1 (Chapter 3) set out to refine current acromion 
marker designs and implement current recommendations regarding attachment location of the AMC. 
The validity and reliability of the AMC during arm elevation was established in Chapter 3. Chapter 
4 will further explore the reliability and validity of the AMC at end range clavicle movement without 
humeral movement. This is especially relevant as daily activities involve increased postures and 
movement of the shoulder girdle into protraction, retraction, elevation, and depression. 
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 Abstract 
Acromion Marker Cluster (AMC) methods have been shown to accurately track scapular motion 
during humeral elevation below 90°, however, their accuracy has not been assessed in shoulder girdle 
motion such as clavicular protraction, retraction, elevation, and depression independent of humeral 
movement. The aim of this study is to examine the reliability and validity of the AMC method to 
record scapular orientation at end range clavicular protraction, retraction, elevation, and depression. 
The right scapulae of 22 female and 20 male asymptomatic volunteers were assessed with an AMC 
and Scapula Locator (SL) method during end range clavicular protraction, retraction, elevation, and 
depression (without humeral elevation) using an eight-camera, 3D movement registration system. 
Measurements recorded from the AMC and SL measures showed fair to excellent agreement (ICC 
0.4-0.92). While the AMC method both overestimated and underestimated scapular motion in some 
planes compared to the SL, the RMSE between methods were low for scapular internal/external 
rotation (2.3°-3.7°), upward/downward rotation (4.5°-6.6°), and anterior/posterior tilt (3.2°-5.1°) 
across all conditions. The acromion marker cluster method was shown to be a reliable and valid 
measurement of scapular orientation at end range clavicular movements independent of humeral 
movement. 
 
 Introduction 
Kinematics of the upper extremity are defined by relative movement of the clavicle, scapula, 
and humerus, to the thorax. Accurate measurement of complex scapular motion during functional 
shoulder girdle activities is important in understanding normal human movement (Ludewig et al., 
2009). The acromion marker cluster (AMC) is a skin-based method of tracking scapular motion. This 
method has proven to be reliable and accurate during humeral elevation below 90° (Karduna et al., 
2001; Lempereur et al., 2014; Lempereur et al., 2012; Meskers et al., 2007; Shaheen et al., 2011; van 
Andel et al., 2009; Warner et al., 2012; Warner et al., 2015) (flexion, abduction, and abduction in the 
scapular plane) and also in movements such as ergometry (Richardson et al., 2016), humeral 
external/internal rotation (Chu et al., 2012; Nicholson et al., 2014; van Andel et al., 2009), and 
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movements of daily activities (Nicholson et al., 2014). However, the accuracy of recording scapular 
motion in activities that include various ranges and combinations of clavicular protraction, retraction, 
elevation, and depression, independent of humeral movement has not been comprehensively explored 
(Lawrence et al., 2014; Ludewig et al., 2004; Ludewig et al., 2009).  
 
The purpose of this study is to evaluate the reliability and validity of the AMC method in 
tracking scapular orientation at active end range clavicular protraction, retraction, elevation, and 
depression. Validity was evaluated by comparing AMC recordings to those of a scapular locator (SL) 
method (Johnson et al., 1993). Reliability was determined by comparing within-session 
measurements for both AMC and SL methods. 
 
 Methods 
 Participants 
Twenty-two female (mean age ( SD) 27.4  5 years, body mass index (BMI) 21.4  2.4 kg/ 
m2) and twenty male (mean age 29.9  7.9 years, BMI 24.4  2.4 kg/ m2) asymptomatic volunteers 
were recruited within the university and general population. Participants were excluded if they 
reported any current neck or shoulder pain, or a history of major trauma to the neck or shoulder (e.g., 
dislocations, fractures, or surgery). The Institutional Medical Research Ethics Committee approved 
the study and all participants provided written informed consent. 
 
 Acromion marker cluster  
The orientation of the right scapula relative to the thorax was assessed using the acromion 
marker cluster. The AMC consisted of a lightweight rigid plastic base (Length: 50mm, Width: 15mm, 
Weight: 7g) designed to conform to the attachment site where the spine of the scapula transitions into 
the acromion (Shaheen et al., 2011) (Figure 4.1A). Three non-collinear reflective markers (diameter: 
9mm) were mounted on low-set pins to the AMC base with 40mm inter-marker distance to allow 
tracking of the AMC in 3D. The AMC was attached to the participants using double-sided tape. Three 
additional reflective markers were attached to the skin over scapular anatomical landmarks (inferior 
angle, root of spine, and acromion angle) in a neutral standing posture. A reference measure allowed 
these scapular anatomical landmarks to be linked to the AMC axis system.  
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 Scapula locator 
Three non-collinear markers were attached to the SL to enable 3D registration of the SL. The 
scapula locator consisted of two adjustable arms allowing three pins and corresponding reflective 
markers to be aligned over the scapula landmarks (acromion angle, root of spine, and inferior angle, 
Figure 4.1B) (Bet-Or et al., 2017; Prinold et al., 2011; Shaheen et al., 2011). Once aligned, the 
locations representing the scapular anatomical landmarks were linked to the SL axis system in a 
separate calibration recording.  
 
Orientation of the thorax was recorded with reflective markers attached to the skin overlying 
the suprasternal notch, xiphoid process, and spinous processes of the seventh cervical and eighth 
thoracic vertebra using double-sided tape. To measure clavicular orientation, reflective markers were 
attached to the proximal and distal heads of the right clavicle (Wu et al., 2005).  
 
 Procedure  
Participants stood with feet shoulder-width apart with arms by their sides. Participants 
performed a standardized familiarization and warm-up procedure of moving their scapulae into end 
range clavicular movements. Participants were instructed to: “move your right shoulder girdle as far 
up as you can” (elevation), “as far down” (depression), “as far forward” (protraction), and “as far 
backward” (retraction). This active end range position was then sustained while the SL was aligned. 
Positional data of the SL, AMC, thoracic, and clavicular markers was concurrently recorded for three 
seconds while the active end range position was maintained. This process was repeated three times 
(with 10s rest between repetitions) in clavicular elevation, depression, protraction, and retraction. 
One-minute rests between conditions was provided to avoid fatigue. The same investigator supervised 
the performance of all experimental conditions including marker and cluster attachment and SL 
placement.  
 
An eight-camera, 3D movement registration system (T40, Vicon Motion Systems, Nexus 
Software v1.8, Oxford, UK) was used to record the positional data of the reflective markers (diameter: 
9 mm) at 120 samples/s. Participants faced towards the positive X-axis, the positive Y-axis was to the 
left of the participant, and the positive Z-axis was upwards from the participant. 
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Figure 4.1 AMC and SL Application 
(A) Acromion Marker Cluster (AMC) attached to the anatomical curvature of the 
spine of scapular transition into the acromion. (B) Scapula Locator (SL) applied 
at the end range of clavicular elevation (demonstrated in the figure), depression, 
protraction, and retraction. The SL has two adjustable arms and three pins 
connected to three reflective markers aligned to three scapular anatomical 
landmarks (acromion angle, root of spine, and inferior angle of the scapula).  
 Data analysis 
Data was analysed using MATLAB (version R2012b, MathWorks, Natick, MA, USA). The 
inferior angle, root of spine, and acromion angle of the right scapula were reconstructed in the external 
volume based on the AMC and SL cluster axes systems. Anatomical axes systems were created for 
the scapula (based on SL and AMC), clavicle, and thorax according to ISB recommendations (Wu et 
al., 2005). The orientation of the scapula and clavicle was then expressed in the thorax axis system 
(Wu et al., 2005). Scapular and clavicular orientation was determined using the Euler sequence of 
rotations. The rotation sequence of the scapula was internal/external rotation followed by 
upward/downward rotation and anterior/posterior tilt. The rotation sequence of the clavicle was 
elevation/depression and protraction/retraction. Rotations were expressed in degrees and averaged 
over a 0.5s duration (least amount of body movement due to swaying or breathing was identified). 
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 Statistical analysis 
Intraclass correlation coefficients (ICC) (3,1) (McGraw and Wong 1996) were calculated to 
assess the within-session test-retest reliability for both the AMC and SL methods across the three 
repetitions of each condition. ICC values of less than 0.4 were classified as poor, between 0.4 and 
0.59 as fair, between 0.6 to 0.74 as good, and greater than 0.75 as excellent (Cicchetti 1994). Standard 
error of measurement (SEM) for the SL and AMC was calculated as SD (pooled from three 
repetitions) × √(1-ICC). Minimal detectable difference was calculated as 1.96 x SQRT (2) x SEM. 
 
Agreement between the AMC and the SL was calculated using ICC (3,1) with SEM and 
minimal detectable difference. The difference between the AMC and SL methods was evaluated with 
a two-factor repeated measure (ANOVA) with measurement method (AMC, SL) as within-subject 
factors, and sex as a between-subject factor. Any significant difference between the methods was 
further explored with a paired sample t-test. Differences between AMC and SL methods (bias, AMC-
SL) were determined by subtracting relative rotations, which is accurate with small angle differences 
(Michaud et al., 2014; Woltring 1991). Standard deviation (SD), and Root-mean-square error (RMSE) 
were also calculated. Bland–Altman plots (Bland and Altman 1986; Bland and Altman 1999) with 
limits of agreement (calculated as 1.96 × standard deviation (SD) of the difference (AMC-SL) ± the 
mean difference) were used to determine possible bias and outliers. 
All statistical analyses were performed with SPSS version 24.0 (IBM Corporation, New York, NY, 
USA). Significance level was set at p<0.05. 
 
 Results  
Both methods demonstrated excellent within-session reliability in recording scapular 
orientation over the three repetitions for all conditions as indicated by the ICC (AMC 0.9 -0.98, SL 
0.85-0.94) and SEM (max; SL 2.7°, AMC 2.25°) coefficients shown in Table 4.4-1. As both measures 
were very reliable, the mean of the three repetitions for each participant for each condition was used 
to calculate the difference between the methods. The largest excursions of scapular motion during 
clavicular protraction and retraction were scapular internal rotation (AMC 41.6°, SL 43.1°) and 
external (AMC 12.4°, SL 13.2°) rotation, respectively. The largest excursion of scapular motion 
during clavicular elevation and depression was scapular upward (AMC -15.5°, SL -17.9°) and 
downward (AMC -1.3°, SL -5.1°) rotation, respectively (Figure 4.2). Bland–Altman plots showed no 
directional bias or significant outliers. 
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Figure 4.2 Means and Standard Deviations of Recordings from AMC and SL 
Means and standard deviations of recordings from the acromion marker cluster 
(AMC) and scapula locator (SL) for scapular internal/external rotation (I/E), 
upward/downward rotation (U/D), and anterior/posterior tilt (A/P) over the four 
conditions (clavicular depression, elevation, protraction, and retraction).
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Table 4.4-1 Within-Session Test-retest Reliability 
Intraclass correlation coefficient (ICC3,1) with 95% confidence interval (95% CI) of three repeated measures, standard error of measurement (SEM) and 
minimal detectable difference (MDD) were measured by the scapula locator (SL) and acromion marker cluster (AMC). Three axes of scapular rotation 
were recorded: Internal/external rotation (Int/Ext), Upward/Downward rotation (Up/Down), and Anterior/Posterior Tilt (Ant/Post) during four clavicular 
movement conditions (depression, elevation, protraction, and retraction). 
 
 
Depression Elevation Protraction Retraction 
AMC  ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD ICC (95%CI) SEM MDD 
 Int/Ext rotation 0.93(0.9-0.96) 1.41 3.91 0.91(0.85-0.95) 2.25 6.23 0.91 (0.82-0.95) 1.82 5.04 0.95 (0.91-0.97) 1.37 3.81 
Up/Down rotation 0.94 (0.9-0.96) 1.97 5.47 0.93(0.88-0.96) 1.63 4.50 0.94 (0.89-0.97) 1.36 3.76 0.94 (0.9-0.97) 1.05 2.91 
Ant/Post tilt 0.97 (0.95-0.98) 1.04 2.88 0.96(0.94-0.98) 1.20 3.34 0.94 (0.9-0.96) 1.34 3.71 0.98 (0.96-0.99) 1.02 2.84 
SL              
Int/Ext rotation 0.9 (0.84-0.94) 1.74 4.81 0.91(0.86-0.95) 2.10 5.82 0.9 (0.84-0.94) 2.08 5.77 0.94 (0.89-0.96) 1.43 3.97 
Up/Down rotation 0.88 (0.81-0.93) 2.73 7.55 0.93(0.88-0.96) 1.72 4.77 0.93(0.89-0.96) 1.43 3.95 0.85 (0.73-0.91) 1.78 4.93 
Ant/Post tilt 0.89 (0.82-0.94) 2.16 5.98 0.86 (0.78-0.92) 2.68 7.43 0.91(0.85-0.94) 1.52 4.22 0.92 (0.88-0.96) 1.48 4.11 
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Table 4.4-2 Mean, Mean Difference, RMSE, and Agreement  
Agreement between the measurements was recorded with the acromion marker cluster (AMC) and scapula locator (SL). Agreement is expressed by 
comparison of means, mean difference (AMC-SL), standard deviation (SD), root-mean-square error (RMSE), significance (p<0.05), and intraclass 
correlational coefficients (ICC) with standard error of measurement (SEM), and minimal detectable difference (MDD). Agreement data is provided for 
three scapular axes: internal/external rotation (Int/Ext), upward/downward rotation (Up/Down), and anterior/posterior tilt (Ant/Post) over the four 
conditions.  
Scapular Axis 
Mean (SD) 
 Mean Diff (SD) RMSE  
Significance ICC (3,1) 
AMC SL Method 
Method* 
Sex ICC (95%CI) SEM MDD 
Depression 
Int/Ext rotation 30.3° (5.5°) 31.3° (5.3°) -0.99° (2.1°) 2.3° 0.005* 0.326 0.92 (0.86-0.96) 1.52 4.21 
Up/Down rotation 5.4° (5.9°) 1.7° (6.2°) 3.7° (3.8°) 5.3° p<0.0001* 0.886 0.8 (0.67-0.89) 2.8 7.76 
Ant/Post Tilt 13.2 (5.2) 11.5° (4.8°) 1.6° (3.5°) 3.8° 0.003* p<0.0001* 0.76 (0.6-0.86) 2.49 6.90 
Elevation 
Int/Ext rotation 29° (7.8°) 30.8° (7.7) -1.8° (3.3°) 3.7° p<0.0001* 0.086 0.91 (0.84-0.95) 2.30 6.38 
Up/Down rotation -15.5° (6.0°) -17.9° (7°) 2.4° (3.9°) 4.5° p<0.0001* 0.993 0.83 (0.7-0.9) 2.77 7.68 
Ant/Post Tilt 12.7° (6.1°) 13° (5.4°) -0.25° (3.3°) 3.3° 0.622 0.791 0.83 (0.71-0.62) 2.35 6.51 
Protraction 
Int/Ext rotation 41.6° (6.0°) 43.2° (6.4°) -1.6° (3.2°) 3.5° 0.002* 0.704 0.87 (0.77-0.93) 2.24 6.21 
Up/Down rotation -1.4° (6.0°) -5.2° (6.5°) 3.8° (3.7°) 5.3° p<0.0001* 0.418 0.83 (0.7-0.9) 2.71 7.51 
Ant/Post Tilt 9.0° (4.3°) 9.1° (4.5°) -0.06° (4.8°) 4.8° 0.771 0.007* 0.4 (0.11-0.62) 3.40 9.42 
Retraction 
Int/Ext rotation 12.3° (7.3°) 13.2° (7°) -0.87° (3.2°) 3.2° 0.081 0.806 0.9 (0.83-0.95) 2.23 6.17 
Up/Down rotation -5.8° (5.6°) -11° (5.3°) 5.3° (4°) 6.6° p<0.0001* 0.165 0.74 (0.56-0.85) 3.09 8.57 
Ant/Post Tilt 12.9° (6.5°) 12° (5.3°) 1° (3.8°) 3.8° 0.117 0.016* 0.8 (0.66-0.89) 2.65 7.35 
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Agreement between the AMC and SL measures was excellent (ICC 0.76-0.92) except for 
upward/downward rotation in clavicular retraction (ICC 0.74) and anterior/posterior tilt in protraction 
(ICC 0.4). The max SEM and MDD were 3.4° and 9.42° respectively (Table 4.4-1). The AMC method 
underestimated (p<0.005) scapular internal/external rotation compared to the SL for three out of the 
four conditions (except retraction). However, the mean differences (-0.87° to -1.8°) and RMSE (2.3°-
3.7°) were relatively low between the methods.  
The largest discrepancy between methods was evident for scapular upward/downward rotation 
measure (mean difference (2.4°-5.3°) and RMSE (4.5°-6.6°). The AMC method underestimated 
(p<0.0001) scapular upward/downward rotation compared to the SL for three out of the four 
conditions (except depression) (Figure 4.3). 
A significant interaction with sex (p<0.016) was observed in scapular anterior/posterior tilt in 
three out of the four conditions (except elevation). Further exploration demonstrated the AMC method 
overestimated scapular anterior/posterior tilt in females when compared to the SL (RMSE - 
depression 3.3°, protraction 1.8°, and retraction 2.2°). Overall, for both sexes the mean difference ( -
0.06° to -1.6°) and RMSE (3.3°-4.8°) between methods were low (Table 4.4-2) 
 
Figure 4.3 RMSE between methods 
The root-mean-square error (RMSE) between methods over the four conditions 
(depression, elevation, protraction, and retraction) in three scapula axes: 
internal/external rotation (Int/Ext), upward/downward rotation (Up/Down), 
and anterior/posterior tilt (Ant/Post). 
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 Discussion  
This study evaluated the reliability and validity of the acromion marker cluster (AMC) method 
in tracking scapular orientation at active end range clavicular motion. We found the AMC method to 
significantly overestimate (anterior/posterior tilt) or underestimate (internal/external and 
upward/downward rotations) scapular posture compared to the scapula locator. However, the 
magnitude of these AMC errors is small by clinical standards. These relatively small measurement 
error values together with mostly excellent ICC coefficients suggest that the AMC can be considered 
to be an accurate method of tracking scapular orientation at end range clavicular movements 
independent of humeral movement. Lempereur et al., (2014) in their systematic review reported 
measurement errors of up to 7° (RMSE) when using the AMC method in arm elevation tasks. 
Measurement errors of up to 14° have been reported in humeral rotation (Chu et al., 2012) and up to 
16° in daily activities (Nicholson et al., 2014). This current study shows lower levels of error with a 
maximum mean error of 6.6° (Figure 4.3) in scapular upward/downward rotation. Lower error levels 
reported in this study may be related to the fact that scapular posture was assessed independent of 
humeral elevation in this study. Minimizing humeral motion may have reduced soft tissue artefacts 
that are known to affect the AMC accuracy especially above 90° humeral elevation (Karduna et al., 
2001; Lempereur et al., 2014; Lempereur et al., 2012; Meskers et al., 2007; Shaheen et al., 2011; van 
Andel et al., 2009; Warner et al., 2012; Warner et al., 2015). In addition, with maximum clavicular 
motion, the scapula stays well within its available range; for example, in our study, scapular upward 
rotation reached 17.9° during end range clavicular elevation compared to 44-68° scapular upward 
rotation in studies that included humeral elevation (Ludewig et al., 2009; McClure et al., 2001). 
Therefore, full scapulothoracic range was not explored in this study.  
 
The larger RMSE for the measurement of scapular upward/downward rotation during humeral 
elevation, compared to that shown for scapular internal/external rotation, and anterior/posterior tilt, 
was also reported in our previous study (Bet-Or et al., 2017), investigating the AMC validity during 
humeral elevation.  
 
The interaction between sex and the measurement of scapular anterior/posterior tilt in most 
isolated clavicular movements in this study may be related to differences in soft tissue mass overlying 
the scapula. Warner et al., (2012) also reported sex differences in the measurement of scapular 
anterior/posterior tilt with the AMC method overestimating the measure during humeral flexion in 
males, which differs from the overestimation of this measure using the AMC in females in the current 
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study. Methodological differences, such as the inclusion of humeral elevation in Warner et al.’s tasks, 
may explain the differences between our findings regarding sex differences. Irrespective of these 
differences, these studies combined, indicate that sex differences should be considered in the 
measurement of scapular motion using skin-based techniques.   
 
The SL was used as the reference method in this study, which requires repeated palpation of 
scapular anatomical landmarks and reapplication at each shoulder girdle posture increasing the 
chance of inherent measurement errors (de Groot 1997; Meskers et al., 2007; Shaheen et al., 2011). 
This may explain the lower ICC levels reported in the test-retest reliability measured by the SL and 
may also be a source of error when compared to the AMC. As alternative more accurate measurement 
methods for recording 3D kinematics of the scapula involve either bone pins or radiographic 
techniques that are either invasive or expose the participant to radiation, the SL is currently an 
acceptable alternative for comparison.      
 
This is the first study to demonstrate the reliability and validity of an AMC method to track 
scapular orientation at end range clavicular movements (independent of humeral elevation). Lower 
error levels between the methods reported in this study compared to previous studies investigating 
AMC reliability during humeral movement, suggests that future studies should explore the degree of 
skin movement error associated with the combined humeral, scapular, and clavicular movements, 
such as throwing and reaching activities. The ability of the AMC to measure scapular orientation in 
shoulder girdle movements that include clavicle and humeral movements could be important for 
future studies of shoulder and neck disorders (Helgadottir et al., 2011; Lawrence et al., 2014; Ludewig 
et al., 2004; Ludewig et al., 2009). As these movements are part of normal shoulder girdle function, 
the findings provide confirmation for the use of the AMC method in the assessment of scapular 
behaviour during shoulder activities independent of humeral elevation.  
.  
  
62 
 
- CHAPTER 5 – 
 
5. Study 3 – The relationship between thoracic inclination 
and curvature measurements in the sagittal plane and 
their relevance to scapular orientation. 
 
Challenges in accurately tracking the scapula during 3D motion analysis were highlighted in 
Chapter 2. Chapters 3 and 4 addressed these challenges prompting the development of a specific 
AMC configuration and establishing its validity and reliably in measuring scapular kinematics. 
Chapter 5 explores the additional value of measuring thoracic inclination and scapular resting posture 
in an external reference frame to the more traditional measures of thoracic curvature and scapular 
kinematics recorded in the thorax reference frame. 
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 Introduction 
Maintaining spinal alignment in close proximity to the vertical is considered optimal to 
minimise postural muscle activity (Edmondston et al., 2011; Hasegawa et al., 2017; Schwab et al., 
2006), optimize gaze (Amabile et al., 2016; Diebo et al., 2016; Duvalbeaupere et al., 1992; Hasegawa 
et al., 2017), and optimize shoulder function (Crawford and Jull 1993). As the largest component of 
the spine, the thoracic spine influences postural alignment and function of neighbouring structures, 
such as the scapulae, upper limbs, and neck. The thoracic spine sagittal alignment has a large 
variability in curvature in asymptomatic individuals ranging between 0° to 69° (Fon et al., 1980; 
Vialle et al., 2005) with larger curvatures associated with postural and functional changes such as 
increased forward head posture (Lau et al., 2010), forward shoulder postures, and lower range of 
motion of shoulder elevation (Crawford and Jull 1993; Lewis et al., 2005; Quek et al., 2013). As such, 
larger thoracic kyphotic curvatures have been implicated in the aetiology of musculoskeletal disorders 
of the shoulder and neck (Lewis et al., 2005; Quek et al., 2013). 
 
The junction of the thoracic spine and the scapula is defined as the scapulothoracic 
articulation. The scapula overlies the thorax making it plausible that changes to sagittal thoracic 
alignment will influence scapula posture; however, studies to date are divided as to whether sagittal 
thoracic alignment influences the scapula resting posture. Kebaetse et al., (1999) and Finley and Lee 
(2003), reported a difference in scapular posture between upright sitting and slouched postures. Lewis 
et al., (2005), Greenfield et al., (1995); Raine and Twomey (1997) found no association between 
increased thoracic curvature and shoulder girdle protraction or scapular upward rotation relation to 
the spine (2D). Potentially, methodological differences in the measurement of the scapula as well as 
the thoracic spine may explain the differences between studies. 
 
Measurement of sagittal thoracic curvature and scapular posture both tend to use an internal 
reference base. For example, thoracic curvature can be expressed using a single variable such as the 
Cobb angle or kyphosis index (Barrett et al., 2014; Vrtovec et al., 2009) and the scapular orientation 
(i.e. internal/external, upward/downward, and anterior/posterior tilt rotations) is usually expressed in 
terms of the thorax reference frame (Wu et al., 2005). Postural information regarding thoracic 
alignment to the vertical is embedded in thoracic curvature measures. Scapular orientation in relation 
to the thorax reference frame is systematically adjusted for thoracic posture with respect to the 
vertical, masking the effect the thoracic spine posture has on scapular orientation. Therefore, posture 
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expressed in the external reference frame may better describe the relationship between thoracic and 
scapular posture. Posture described in relation to the external reference frame might therefore provide 
additional postural information to that derived from internally based reference frames. However, it 
remains unclear how internally and externally based postures differ and which more accurately 
describes the anatomical relationships between the thorax and scapula. 
 
The  aims of this study were  i), to assess, in upright stance, whether posture expressed in the 
external reference frame of the thoracic spine and scapula provides different postural information 
compared to that described by an internal reference frame (thoracic inclination vs. thoracic curvature 
and scapular posture in relation to the thorax reference frame vs. scapular posture in relation to the 
external reference frame), and ii), to assess the differences between externally and internally 
referenced relations between thoracic spine posture and scapular orientation. 
 
 Methods 
 Study population  
One hundred asymptomatic volunteers (44 males: age (mean ± SD) 37 ± 11.9 years, height 
1.80 ± 0.08m, weight 82.5 ±15kg and 56 females: age 33.6 ±10.6 years, height 1.65 ± 0.07m, weight 
62 ± 8.5kg) were recruited from The University of Queensland and general community. Participants 
with current neck, thorax, or shoulder pain, or a history of major trauma to the neck, thorax, or 
shoulder (dislocations, fractures, or surgery) were excluded. The study was approved by the 
Institutional Human Research Ethics Committee and all participants provided written informed 
consent (Appendix B). 
 
 Materials and procedure 
An eight-camera 3D movement registration system (Vicon Motion Systems, Nexus Software 
v1.8, T40, Oxford, UK) was used to record positional data of reflective markers (diameter:12mm) 
attached to the skin with double-sided tape at 120 samples/s. Attachment of markers and clusters to 
the thorax and shoulder girdle followed the recommendation of the International Society of 
Biomechanics (Wu et al., 2005) and are detailed in Table 5.2-1. Additional reflective markers were 
attached to the skin overlying the spinous processes of the seventh cervical vertebrae and all thoracic 
vertebrae. The specific acromion marker cluster (AMC) used in this study was validated in Chapters 
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3 and 4 (Bet-Or et al., 2017). This method of tracking the scapula was also validated in previously 
published studies (Brochard et al., 2011; Lempereur et al., 2012; van Andel et al., 2009; Warner et al., 
2012). 
 
Participants were instructed to stand with their legs shoulder-width apart with their arms 
resting by their sides. To standardize the head posture, participants were asked to look forward at a 
visual marker on a vertical pole positioned three meters away and aligned at eye level. Standing 
resting posture was standardized by asking participants to stand in a comfortable posture, and to swing 
their arms forward and back three times, allowing their arms to naturally stop in a resting position 
beside their trunk. Once the participants were standing in a relaxed posture, a three-second recording 
was taken. This recording was used for both postural data and a reference measure. Participants faced 
towards the positive X-axis, the positive Y-axis was to the left, and the positive Z-axis was upwards. 
 
 
Table 5.2-1 Cluster and Marker Attachment Location 
Cluster attachment location Cluster reference markers  
Left and right Acromion Marker Cluster 
(AMC) attached to where the spine of the 
scapula transitions into the acromion. 
Scapula inferior angle 
Scapula root of spine  
Scapula acromial angle 
 
Thorax cluster attached to mid-sternum. 
 
Suprasternal notch 
Xiphoid process 
Spinous process of 7th cervical vertebra  
Spinous process of 8th thoracic vertebra 
Marker sets Marker attachment location 
Spinal marker set (16) Spinous process of 4th and 7th cervical 
vertebrae 
Spinous process of 1-12th thoracic vertebrae 
Spinous process of 3rd and 5th lumbar vertebrae 
Pelvis marker set (4)  
Left and right anterior superior iliac spine 
Left and right posterior superior iliac spine 
 
Clavicle marker set (4) Left and right proximal and distal heads of 
clavicle 
 
66 
 
 Measurements of scapular orientation 
All data was analysed using MATLAB (version R2012b, MathWorks, Natick, MA, USA).  
Scapula orientation in the thorax reference frame: Anatomical axes systems were created for the 
scapula (reconstructed based on the AMC marker locations) and thorax according to the ISB 
recommendations (Wu et al., 2005). The orientation of the scapula was then expressed in the thorax 
axis system (Wu et al., 2005). 
  
Scapular orientation in the external reference frame: First, to correct for possible 
misalignment due to the participant not facing the X-axis, positional data was rotated about the global 
Z-axis using the horizontal global thorax orientation to align the participant facing the X-axis. 
Orientation of the left and right scapulae were expressed in relation to the external reference frame.  
 
For both reference frames, the scapular axes of rotation were defined as internal/external 
rotation (positive defined as internal rotation), upward/downward rotation (positive defined as 
downward rotation) and anterior/posterior tilt (positive defined as posterior tilt) and were calculated 
using the Euler angle sequence in this order and expressed in degrees. Data was averaged over a half 
second cantered at the point of the least amount of body movement due to body sway or breathing.  
 
 Measurements of thoracic orientation  
Measurement of sagittal thoracic curvature using positional data of reflective markers 
recorded with a motion analysis system has been previously validated in comparison to radiographic 
measurements (Bryant et al., 1989; Schmid et al., 2015; Zemp et al., 2014).  
 
Twelve different measurements of thoracic orientation were calculated including two 
previously described measures of thoracic curvature (Figure 5.1 A and B), (Kebaetse et al., 1999; 
Milne and Williamson 1983; Voutsinas and MacEwen 1986) and ten measures of thoracic inclination 
(Figure 5.1C and D). 
 
Kyphosis Index (KI):The KI was calculated as ( 
𝑊
𝐿
𝑥100) with L measured as the distance between 
the C7 to T12 spinous process markers, and width (W) as the distances of the line perpendicular to L 
connecting to the marker on the spinous process that is furthest away (Milne and Williamson 1983; 
Voutsinas and MacEwen 1986) (Figure 5.1A).  
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Thoracic Angle (TA): The TA was defined as the angle between the lines that connect the T1-T3 
spinous process markers and the T10-T12 spinous process markers. (Figure 5.1B). 
  
Thoracic Vertebral Inclination (TVI): The TVI was measured as the angle between the vertical and a 
line connecting the spinous process marker of T1 with a lower thoracic vertebrae marker. To explore 
which measure of thoracic inclination was most related to scapular orientation, 11 measurements of 
thoracic inclination were calculated from T1 and consecutive thoracic spinous process markers 
ranging from T2 to T12 (Figure 5.1C).  
 
Thoracic Scapular Inclination (TSI): The TSI was measured as the angle between the vertical and a 
line between the spinous process markers of the thoracic vertebral levels that correspond to the level 
of the scapulae inferior angle and root of spine (averaged between left and right scapulae , Figure 
5.1D)  
 
 
Figure 5.1 Thoracic Angle, Index and Inclination Methods 
A-D: Methods of calculating thoracic curvature and inclination. Kyphosis Index (KI) 
(A) was calculated from a measure of the thoracic length (L) (distance between the 
T1-T12 spinous processes markers) and width (W) (distance between marker most 
distant and perpendicular to the T1-T12 vector). The KI was then calculated by the 
equation KI =
𝑊
𝐿
𝑥100. Thoracic Angle (TA) (B) Thoracic angle was calculated as the 
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angle (β) formed by two vectors between T1-T3 and T10 - T12 markers. Thoracic 
Vertebral Inclination (TVI) (C) was calculated as the angle between a vertical line 
and a line created between two markers connecting T1 and T2 to T12. Thoracic 
Scapulae Inclination (TSI) (D) was calculated as the angle (β) between a vertical line 
(A) and a line between the thoracic vertebra levels that correspond to the level of the 
scapulae inferior angle (IA) and root of spine (ROS) (mean of left and right scapulae), 
anatomical markers (B). 
 
 Statistical analysis  
All statistical analyses were performed with SPSS version 24.0 (IBM Corporation, New York, 
NY, USA). Significance level was set at p<0.05. Normal distribution of the data was assessed using 
the Shapiro-Wilk test, and visual inspection of histograms and Q-Q plots.  
 
 To test for differences between the thorax and external reference frames, paired sample t-tests 
and Pearson correlations (r) were used.  
Thoracic curvature vs. inclination measures were compared using Pearson correlations (r) which were 
interpreted as follows: 0.00-0.25 was defined as no, or little, correlation, 0.25-0.5 fair, 0.5-0.75 
moderate to good, >0.75 excellent (Portney and Watkins 2000). 
 
 Results  
Shapiro-Wilk tests and visual inspection of histograms and Q-Q plots showed that the data 
was normally distributed. 
 
Scapular orientation in the thoracic vs. external reference frame  
 Significant differences between the two reference frames were observed in all scapular rotations 
(p<0.047) both on the right and left side. 
 
The lowest correlation between the reference frames was anterior/posterior tilt (r = 0.76 for 
left and right) followed by higher values in upward/downward rotation (r = 0.91 right, 0.92 left) and 
in internal/external rotation (r = 0.91 right, 0.91 left). Correlations, significance levels, and paired 
sample t-test results between the reference measures are shown in Table 5.3-1  
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Table 5.3-1 Paired Sample T-Test and Correlations between Scapular Orientation in Thorax 
Reference Frame and the External Reference Frame 
  Paired Sample Test 
  
C
o
rr
el
at
io
n
 Paired Differences 
t df Sig. Scapula 
Rotation 
Side Mean 
Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval of the Diff 
Lower Upper 
Ant/Post Tilt 
R 0.758 1.54 3.4 0.34 0.85 2.22 4.47 99 p<0.001* 
L 0.756 1.27 3.36 0.34 0.61 1.94 3.79 99  p<0.001* 
Int/Ext  
R 0.906 0.66 3.08 0.31 0.04 1.27 2.13 99 .036* 
L 0.911 -0.62 3.07 0.31 -1.23 -0.01 -2.01 99 .047* 
Up/Down  
R 0.907 -0.62 2.3 0.23 -1.08 -0.16 -2.7 99 .008* 
L 0.921 -1.1 2.4 .24 -1.58 -0.62 -4.57 99 p<0.001* 
* Significance <0.05 Std. – standard, Diff - difference, df - degrees of freedom, Sig.- significance, Ant/Post- 
anterior/posterior, Int/Ext -internal/external, Up/Down - upward/downward, R - right, L - left 
 
 Thoracic spine curvature vs. inclination from the vertical 
 The correlation between thoracic curvature (thoracic angle, kyphosis index) and thoracic 
inclination measures (thoracic vertebral inclinations, thoracic scapular inclination) ranged from poor 
to excellent (kyphosis index r = 0.25-0.83, thoracic angle r = 0.36-0.89). Fair correlations were 
observed between the thoracic curvature measurements and the thoracic scapular inclination 
measurement (kyphosis index r = 0.35, thoracic angle r = 0.39). The strongest relationships between 
the two groups of thoracic measurements were observed between the thoracic vertebral inclination 
(T1-3) and kyphosis index (r = 0.83) and thoracic angle (r = 0.89) curvature measurements.  
 
Comparison between thoracic curvature analysis (kyphosis index, thoracic angle) showed that 
the two curvature measurements were highly correlated to each other (r = 0.92). Correlations between 
the different thoracic orientation measurements are shown in Table 5.3-2  
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 Correlation between thoracic measurements (Inclination and curvature) and 
scapular orientation in two reference frames (external reference frame and 
thorax reference frame). 
Overall, high r values were observed between thoracic measures and scapular orientation in 
the sagittal plane; scapular anterior/posterior tilt specifically between increased thoracic curvature 
and increased scapula anterior tilt. Low r values were observed between scapular internal/external 
and upward/downward rotation with thoracic curvature when the scapula was expressed in either 
reference frame. A significant difference between the reference frames was found in the 
anterior/posterior scapular axis. When anterior/posterior tilt was expressed in the thorax reference 
frame, low r values (r < -0.35) in 13/14 of the thoracic measurements and only a fair correlation with 
scapula-thoracic inclination were evident (TSI right r = 0.35, left r = 0.31). When anterior/posterior 
tilt was expressed in the external reference frame, fair to excellent correlations were observed (right 
r = -0.28 to -0.79, left r = -0.28 to -0.76) with all thoracic measurements. Scapular anterior tilt was 
more consistently correlated with the thoracic inclination measurements in 11/12 of the inclination 
measurements (r range -0.31 to -0.79) compared to thoracic curvature measurements (kyphosis index 
r = -0.28 and thoracic angle r = -0.31). The strongest correlation observed was between scapular 
anterior tilt expressed in the external reference frame and the thoracic inclination measurement 
scapula-thoracic inclination (right r = -0.79 left r = -0.76). Table 5.3-3 presents the correlations 
between the different thoracic orientation measurements and scapular posture expressed in the 
external reference frame and the thorax reference frame in three axes of rotation. 
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Table 5.3-2 Pearson Correlations between the Different Thoracic Orientation Measurements 
Correlations (r) 
  Thoracic Curvature Thoracic Vertebral Inclination (TVI) (External reference frame) 
  KI TA TSI T1-T2  T1-T3 T1-T4 T1-T5 T1-T6 T1-T7 T1-T8 T1-T9 T1-T10 T1-T11 T1-T12 
KI PC 1 0.92** 0.35** 0.77** 0.83** 0.82** 0.77** 0.71** 0.63** 0.55** 0.46** 0.39** 0.31** 0.25* 
TA PC  1 0.39** 0.81** 0.89** 0.85** 0.81** 0.77** 0.71** 0.65** 0.58** 0.51** 0.44** 0.36** 
*. Correlation is significant at the 0.05 level (2-tailed).  **. Correlation is significant at the 0.01 level (2-tailed). TS - Thoracic inclination based on scapular root of spine and 
inferior angle levels (Fig 1D), KI kyphosis index (Fig 1A), TA thoracic angle (Fig 1B) 
 
Table 5.3-3  Pearson Correlations Between the Different Thoracic Orientation Measurements and Scapular Posture Expressed in the External 
Reference Frame (RV and LV) and the Thoracic Reference Frame (RT and LT) in Three Axes of Rotation. 
 
  Correlations (r) 
 Thoracic Curvature Thoracic Vertebral Inclination (TVI) Measurements (External reference frame) 
  
KI TA TSI T1-T2 T1-T3 T1-T4 T1-T5 T1-T6 T1-T7 T1-T8 T1-T9 T1-T10 T1-T11 T1-T12 
Ant/Post 
Tilt 
RV -0.28** -0.31** -0.79** -0.31** -0.42** -0.5** -0.56** -0.59** -0.62** -0.64** -0.64** -0.63** -0.63** -0.63** 
RT -0.01 -0.02 -0.35** 0.05 0.01 -0.04 -0.06 -0.08 -0.11 -0.13 -0.14 -0.13 -0.14 -0.14 
LV -0.28** -0.31** -0.76** -0.34** -0.44** -0.52** -0.56** -0.58** -0.61** -0.62** -0.62** -0.62** -0.62** -0.62** 
LT 0.01 -0.01 -0.31** 0.04 -0.01 -0.06 -0.08 -0.08 -0.11 -0.13 -0.14 -0.14 -0.15 -0.15 
Int/Ext 
Rotation 
RV 0.18 0.23* 0.22* 0.02 0.08 0.14 0.17 0.19 0.2* 0.21* 0.2* 0.18 0.15 0.09 
RT 0.1 0.15 0.2* -0.04 0.03 0.08 0.12 0.14 0.16 0.17 0.18 0.16 0.14 0.1 
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  Correlations (r) 
 Thoracic Curvature Thoracic Vertebral Inclination (TVI) Measurements (External reference frame) 
LV 0.06 0.01 0.13 0.05 0.03 0.04 0.03 0.01 -0.003 -0.01 -0.02 -0.02 -0.04 -0.03 
LT -0.12 -0.17 -0.14 -0.18 -0.22* -0.23* -0.25* -0.28** -0.28** -0.28** -0.28** -0.28** -0.28** -0.28** 
Up/Down 
Rotation 
RV -0.05 -0.09 0.26** -0.09 0.00 0.04 0.06 0.05 0.05 0.05 0.06 0.07 0.08 0.09 
RT -0.2 -0.24* -0.005 -0.27** -0.22* -0.21* -0.22* -0.24* -0.24* -0.24* -0.23* -0.22* -.21* -0.2* 
LV 0.22* 0.24* 0.09 0.104 0.13 0.15 0.16 0.16 0.17 0.17 0.15 0.12 0.1 0.06 
LT 0.24* 0.25* 0.07 0.15 0.16 0.16 0.17 0.16 0.16 0.15 0.12 0.01 0.07 0.04 
*. Correlation is significant at the 0.05 level (2-tailed).  **. Correlation is significant at the 0.01 level (2-tailed). TSI - Thoracic inclination based on scapular root of spine and inferior angle levels (Fig 
1D), KI kyphosis index (Fig 1A), TA- thoracic angle (Fig 1B), RV- right external reference frame, RT- right thorax reference frame, LV- left external reference frame, LT- left thorax reference frame. 
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 Discussion and conclusion 
The overall aim of this study was to explore whether postural measures expressed in the external 
reference frames of both the thoracic spine and scapula provide additional information to the more 
traditional measures of thoracic curvature (kyphosis index, thoracic angle) and scapular orientation 
expressed in the thorax reference frame. The results demonstrated that externally referenced measures 
do add some additional information to the relationship between the scapula and the thorax but appear 
to be limited to the sagittal plane (scapular anterior tilt, thoracic inclination). This was demonstrated 
first by the relative lower correlation observed between the two scapulae reference frames in 
anterior/posterior tilt (r = 0.76) compared to the other two rotations (r = 0.91-0.92). This was also 
demonstrated by the stronger correlation between scapular anterior/posterior tilt measurements (when 
measured in the external reference frame) and thoracic measurements (r max = -0.79) compared to 
the poor correlation in the other scapular rotations (r max = -0.25).  
 
The findings could be related to the way the thorax reference frame is defined according to the 
ISB recommendations (Wu et al., 2005) where the orientation of the thorax is calculated by the Y-
axis defined as “the line connecting the midpoint between sternum notch and C7 and the midpoint 
between the Xiphoid process and T8 pointing upwards. The Z-axis was defined as the line 
perpendicular to the plane formed by the midpoint between the sternum notch and C7 and the 
midpoint between the Xiphoid process and T8 pointing to the right. The Y-axis was defined as the 
common line perpendicular to the Z and Y-axes, pointing forwards”. This method of defining the 
thorax frame may (depending on the individual’s thorax bony landmark alignment) already contain a 
measure of deviation from the sagittal plane, thus reducing sagittal plane information when the 
scapula is then referenced to the thorax. To our knowledge no study to date has compared these two 
reference frames in a large cohort, therefore limiting the comparisons of these results to other studies. 
 
The strongest correlation between the different thoracic inclination measurements and thoracic 
curvature measurements was observed between thoracic vertebral inclination T1-3 and both the 
kyphosis index (max r =0.83) and the thoracic angle (max r = 0.89). As curvature measures, in 
general, assess alignment of the spine in the sagittal plane it is then assumed that a stronger correlation 
would be noted when compared to a specific measure of thoracic sagittal inclination. The correlations 
found in this study between the thoracic measures, although high, were not as significant as expected. 
This may be explained by the fact that traditional thoracic curve measures, although measuring 
sagittal curvature, do not measure curvature in relation to the vertical (external frame of reference); 
therefore, curvature measures remain constant, regardless of the overall orientation of the thorax in 
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the external reference frame. The correlation between these measures of curvature and inclination 
suggests that both may need to be evaluated in the assessment of thoracic orientation, as both provide 
different postural information. 
 
This study also aimed to determine which thoracic postural measurement would best describe 
scapular orientation. Thoracic inclination measurements overall had a much stronger correlation with 
scapular anterior/posterior tilt expressed in the external reference frame than when anterior/posterior 
tilt was expressed in the thorax reference frame. In particular, scapular anterior tilt was strongly 
correlated (right r = -0.79, left r = -0.76) with thoracic inclination measured by the scapula-thoracic 
inclination postural measurement. This seems logical as the bony regions incorporated in this postural 
measure (scapula and underlying thoracic region) are the most specific areas describing the 
scapulothoracic articulation. These findings are consistent with previous studies reporting increased 
scapular anterior tilt to be associated with acute increases in thoracic inclination as participants moved 
between upright and slouched sitting postures (Finley and Lee 2003; Kebaetse et al., 1999).  
 
From a practical perspective, the thoracic inclination measured directly under the scapula may be 
more informative when exploring and interpreting scapular kinematics than the more traditional 
curvature measurements. The findings also showed that inclination measures vary substantially 
depending on the thoracic levels incorporated in the measurement (Table 5.3-3). This observation 
supports our hypothesis that measurements of curvature may not capture variation in orientation 
between different regions of the thorax as seen with the different inclination measurements. 
Knowledge regarding the orientation of specific thoracic regions may be informative for certain 
clinical and research applications as evidenced by our comparison of the relationship between 
thoracic orientation and scapular orientation. This may include the relationship between the upper 
thoracic inclination to head and neck kinematics or the relationship between the lower thoracic spine 
inclination to lumbar spine kinematics.  
 
From a clinical perspective, we had also proposed that externally reference postural measures 
may provide additional information regarding gravitation loads to the thorax and scapula. While 
thoracic curvature (angle or index) measurements may provide useful information concerning spinal 
alignment, curvature measurements may not provide relevant information with respect to 
gravitational forces. These gravitational forces potentially impact postural muscle activity and tissue 
loading to not only the thoracic spine but also the shoulder girdle and cervical spine (Edmondston et 
al., 2011; Harrison et al., 2005; Hasegawa et al., 2017; Schwab et al., 2006).   
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It should be noted that a limitation of this study is that the findings are restricted to the relative 
younger participants due to the age distribution of the population studied (76% of participants of 
between 18-40 years). Investigation with older populations may yield different results due to a 
possible increase in spinal orientation that occurs in those over 50 years of age. 
 
 Conclusions 
This study assessed scapular and thoracic postural relationships derived from measurements 
calculated in the external reference frame (both the thoracic and scapular measurements), compared 
to the more traditional measures of thoracic curvature (kyphosis index, thoracic angle) and scapular 
orientation derived from the thorax reference frame. The findings showed that external frame 
reference measures provide additional postural information on the alignment of the thoracic spine and 
the scapula in the sagittal plane, particularly thoracic inclination measured directly under the scapula. 
These inclination measurements may provide direction for future studies regarding the influence of 
gravitational forces acting on the thorax and scapula.  
 
 Implication of Study 3 for the thesis 
The findings of this chapter have indicated that the inclination measurements derived from 
the external reference frame may provide additional information to that provided by measurements 
in the thorax reference frame as defined by the ISB. Therefore, for the remainder of this thesis, both 
methods will be incorporated to further explore the characteristics of scapular resting posture in 
upright standing in asymptomatic individuals (Chapter 6) and to compare these characteristics in 
those with and without neck pain (Chapter 7).   
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- CHAPTER 6 – 
 
6. Study 4 – The influence of sagittal thoracic spine 
alignment, sex, BMI, hand dominance, side difference, 
physical activity, and age on scapular and clavicular 
resting posture in an asymptomatic population 
 
Chapter 5 demonstrated that additional information regarding scapulothoracic resting posture 
could be gleaned by incorporating measurements of thoracic inclination as well as the more traditional 
thoracic curvature measurements, and by considering these measurements both in the external 
reference frame as well as the ISB-recommended thorax reference frame (particularly in the sagittal 
plane). In Chapter 6, these refined methods are utilized to explore kinematic characteristics of the 
scapula, clavicle, and thorax in asymptomatic individuals in relaxed upright standing. As the 
methodology used for data collection and analysis in Chapter 6 is similar to that used in Chapter 5, 
there is some repetition of content. However, attempts have been made to limit repetition.    
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 Introduction 
Resting posture of the shoulder girdle describes the orientation of the clavicle and scapula in 
relaxed upright standing, and is an integral component within the clinical examination of shoulder 
and neck disorders (Hegedus and Lewis 2015; Kibler et al., 2013; Sahrmann 2002; Struyf et al., 2012). 
Although commonly assessed clinically, there is uncertainty regarding normative parameters for 
resting posture of the shoulder girdle. Furthermore, little is known about the characteristics that 
influence resting shoulder girdle posture in asymptomatic individuals. Such knowledge of normal 
variation and factors influencing the shoulder girdle posture at rest would be informative for clinicians 
when assessing this clinical entity in patients with painful movement disorders.  
 
To date, there is limited data (3D measurements, small population sizes) on the normative 
values of scapular and clavicle orientation in upright relaxed postures in asymptomatic, non-athletic 
populations. Studies reporting measurement of resting posture of the scapulae and clavicles are 
limited in population size and biased towards one sex or hand dominance, limiting generalization of 
their results (Helgadottir et al., 2011; Ludewig et al., 2009; Morais and Pascoal 2013; Ohl et al., 2015; 
Ribeiro and Pascoal 2013; Roy et al., 2007; Schwartz et al., 2014).  
 
Studies exploring shoulder girdle orientations have also suggested that factors such as age 
(Dayanidhi et al., 2005; Endo et al., 2004; Struyf et al., 2011), sex (Habechian et al., 2016; Schwartz 
et al., 2016), hand dominance (Schwartz et al., 2014; Struyf et al., 2011), side difference (Morais and 
Pascoal 2013), body mass index , (Gupta et al., 2012) and thoracic spinal alignment (Greenfield et 
al., 1995; Helgadottir et al., 2011; Kebaetse et al., 1999; Lewis et al., 2005), may influence scapular 
resting posture. Previous studies have also been limited in their sample size and participant 
characteristics, and of their exploration of other participant variables that may affect shoulder girdle 
kinematics in an asymptomatic population. 
 
Differences in postural information of thorax and scapula between measurements in the 
external frame of reference (thoracic inclination and scapula in the external reference frame) and more 
traditional measurements (thoracic curvature and scapula in the thorax reference frame) were 
highlighted in Chapter 5.  The comparison between the two reference frames demonstrated that 
measurements of thorax inclination, defined as the inclination from the vertical, and the scapula in 
the external reference frame, added more specific information when describing the scapulothoracic 
articulation in the sagittal plane, specifically in anterior/posterior rotation of the scapula in relation to 
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thorax inclination. The additional information gained from the external reference frame 
measurements of both the scapula and the thorax will be further explored in this study by comparing 
findings when using both the external and thorax reference frames, as well as exploring both thoracic 
curvature and inclination. 
The purpose of this study in Chapter 6 is to: 
 Further define normative parameters of clavicular and scapular resting posture in a large 
group of asymptomatic individuals; and  
 Identify individual characteristics that may underpin variations in clavicular and scapular 
resting posture parameters within the studied sample. Such patient characteristics included 
age, sex, BMI, hand dominance, side difference, and thoracic posture measurements. 
 Additionally, this study will explore the information gained from external frame 
measurements of the scapula, clavicle, and thorax when compared to the thorax reference 
frame. 
 
 Methods 
 Study population 
One hundred asymptomatic volunteers were recruited from within the university and general 
population (Table 6.2-1). Participants were excluded from the study if they reported current shoulder 
and/or neck pain, history of trauma to the neck or shoulder (dislocations, fractures, or surgery), 
presence of neurological signs, a medical diagnosis of fibromyalgia, systemic illness or a connective 
tissue disorder, or if they had reported medical disorders which contraindicate physical exercise. 
Participants were also excluded if they were diagnosed with (or were observed to have) scoliosis, 
significant leg length discrepancy, or shoulder pain during the physical screening (Appendix G).  All 
procedures conformed to the Declaration of Helsinki. Ethical approval was obtained from the 
Institutional Medical Research Ethics Committee and all participants provided written informed 
consent prior to participation (Appendix B). 
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Table 6.2-1  Participant Demographics: Mean ± Standard Deviation (SD) and Range (Min-Max). 
  N 
Hand 
Dom 
  
Age (SD) 
years 
BMI 
Thoracic 
 curvature 
(KI) 
Thoracic 
inclination 
(Angle) 
Total  100 18 L Mean (SD) 34.8 (11.2) 23.9 (4.2) 11.4 (2.5) 8.48 (5) 
   Range (min-max) 53.4 (19-72) 32.9 (18-51) 11.4 (6-18) 27.8 (-3.3-24.5) 
Female  57 9 L Mean (SD) 33.1 (10.6) 22.8 (3.3) 10.7 (2.4) 8.2 (5.5) 
   Range (min-max) 49 (19-68) 16.9 (18-37) 10.9 (6-17) 27.8 (-3.3-24.5) 
Male  43 9 L Mean (SD) 37 (11.6) 25.4 (4.7) 12.2 (2.4) 8.9 (4.4) 
    Range (min-max) 53 (19-72) 31.7 (19-51) 9.4 (8-18) 21.6 (-1.1-20.4) 
 
 Measurement of spinal and scapular orientation 
This study used methodology like that described in Chapter 5 for the marker and cluster setup, 
participant standing posture standardization, and in the data analysis of the scapula, clavicle, and 
thorax for both external reference frame and curvature measures as well the thorax and external 
reference frames.  
 
3D resting posture: Resting posture of the scapulae, clavicles, and thoracic spine were 
captured using an eight-camera 3D movement registration system sampled at 120 samples/s (Vicon 
Motion Systems, Nexus Software v1.8, T40, Oxford, UK). All procedures were performed in upright 
standing posture with the participant’s feet at shoulder-width apart and arms resting by their sides. 
To standardize the head posture, each participant was asked to look forward at pre-set marker aligned 
at eye level marked on a vertical pole positioned three meters away. Arm posture was standardized 
by asking participants to stand in a comfortable posture, and to swing their arms forward and back 
three times, letting their arms naturally stop in a resting position beside their trunk. Once resting 
posture was achieved reflective markers (diameter: 12mm) and clusters were attached to the thorax 
and shoulder girdle with double-sided tape following recommendations of the International Society 
of Biomechanics (Wu et al., 2005). Spinal markers were attached to spinous processes of the fourth 
and seventh cervical vertebrae, thoracic spine spinous processes one to twelve, and to the third and 
fifth lumbar vertebrae (Figure 6.1 and Table 6.2-2).  
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The acromion marker cluster (AMC) used in this study has been validated in a separate study 
conducted by the authors (Chapters 3 and 4) with a reported RMSE accuracy lower than one degree 
when compared to a scapula locator method when the arm is at rest. 
 
The volume axis system was defined with the participant facing towards the positive X-axis, 
the positive Y-axis was to the left of the participant, and the positive Z-axis upwards from the 
participant. Once all markers and clusters were attached, a reference measurement of the clusters and 
markers setup was recorded. This reference measurement allowed the positions of the anatomical 
landmarks to be associated with their respective cluster axes systems. Resting standing posture was 
then recorded for three seconds using the identical procedure and participant instructions as for the 
reference capture. 
 
 
Table 6.2-2 Cluster and Marker Attachment Location 
Clusters attachment location Cluster reference markers  
Left and right Acromion Marker 
Cluster (AMC) attached to where the 
spine of the scapula transitions into the 
acromion. 
Scapula inferior angle 
Scapula root of spine  
Scapula acromial angle 
Thorax cluster attached to mid-
sternum. 
Suprasternal notch 
Xiphoid process 
Spinous process of 7th cervical vertebra  
Spinous process of 8th thoracic vertebra 
Marker sets Marker attachment location 
Spinal marker set (16) Spinous process of 4th and 7th cervical vertebrae 
Spinous process of 1-12th thoracic vertebrae 
Spinous process of 3rd and 5th lumbar vertebrae 
Pelvis marker set (4) Left and right anterior superior iliac spine 
Left and right posterior superior iliac spine 
Clavicle marker set (4) Left and right proximal and distal heads of clavicle 
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Figure 6.1 Markers and Clusters Attachment and Thoracic Spine Measurements 
 
(A) Acromion Marker Cluster (AMC) configuration. (B) Location of clusters and 
reflective markers in a relaxed standing posture. Scapular markers included the root of 
spine (ROS), Acromion Angle (AA), and Inferior Angle (IA). Spinal markers included 
the cervical spine spinous processes of C4 and C7, thoracic spine spinous processes of 
T1-T12, and lumbar spinous process of L3 and L5. Pelvis markers were positioned 
over the posterior superior iliac spine (PSIS). (C) Thoracic spine inclination was 
defined as the angle (β) between a vertical line and a line between the individual’s 
thoracic vertebra corresponding with the mean level of left and right scapulae, inferior 
angle (IA), and scapular root of spine (ROS) anatomical markers (scapula line). (D) 
The kyphosis index was calculated from a measure of the thoracic length (L) (distance 
between the T1-T12 spinous processes markers) and width (W) (distance between 
marker most distant and perpendicular to the T1-T12 vector). The KI was then 
calculated by the equation KI =
𝑊
𝐿
𝑥100. 
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 Data analysis 
All data was collected and analysed in MATLAB (version R2012b, MathWorks, Natick, MA, USA).   
Physical activity was calculated as per the IPAQ guidelines presented as median MET–minutes/week 
and retained as a continuous variable (Craig et al., 2003) 
 
 Thoracic measurements 
As described in Chapter 5, thoracic measurements in the sagittal plane were investigated in 
two ways. Thoracic spine inclination, defined as the angle between the vertical and a line between 
the thoracic markers corresponding to the level of the inferior angle and root of spine (averaged 
between left and right scapulae, seen in Figure 6.1(C). The thoracic spine curvature was also 
measured and was defined by the kyphosis index, defined as a measurement of the thoracic length 
(L) (distance between the T1-T12 spinous processes markers) and width (W) (distance between 
marker most distant and perpendicular to the T1-T12 vector, Figure 6.1(D). The kyphosis index (KI) 
was then calculated by the equation KI =
𝑊
𝐿
𝑥100. 
 
 Scapular and clavicular measurement 
Based on the reference measurement, two reference frames were constructed (the external 
reference frame and the thorax reference frame) to express the thoracic, scapular, and clavicular 
resting postures.  
 
Scapular and clavicular orientation in the thorax reference frame – anatomical axes systems 
were created for the scapula (based on the AMC), and thorax according to the ISB recommendations 
(Wu et al., 2005). The orientation of the scapula was then expressed in the thorax axis system.  
 
Scapular and clavicular orientation in the external reference frame – initially a correction for 
any participant’s misalignment facing X-axis positional data was adjusted by rotation about the Z-
axis using horizontal global thorax orientation to align the participant facing X-axis. Orientation of 
the left and right scapulae was expressed in relation to the external reference frame.  
 
Both reference measurements, the scapular and clavicular axes of rotation, were defined and 
calculated using the Euler angle sequence of internal/external rotation (Z-axis, positive internal 
rotation), upward/downward rotation (X-axis, positive defined as downward rotation) and 
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anterior/posterior tilt (Y-axis, positive defined as posterior tilt). The clavicular axes of rotation were 
defined as protraction/retraction (Z-axis, positive defined as protraction) and elevation/depression (X-
axis, positive defined as depression). The resting postures of the clavicle and scapula were calculated 
in degrees.  
 
Data was averaged over half a second selected out of the three-second recording based on the 
least amount of body movement due to swaying or breathing. One investigator attached all of the 
markers and clusters and supervised the performance of all experimental conditions. 
  
 Statistical analysis 
All statistical analyses were performed with SPSS version 24.0 (IBM Corporation, New York, 
NY, USA). Significance level was set at p < 0.05. Participant characteristics, as well as the measures 
of thoracic inclination, thoracic curvature, scapular and clavicular resting postures, were calculated 
for their means, standard deviation (SD), range, and minimal - maximal values. Paired sample t-test 
and independent sample t-tests were used to compare between the left and right sides, hand 
dominance, sex, age, and thoracic measurements. Univariate regression analysis was calculated to 
explore possible interaction between independent variables. Multiple linear regression analyses were 
utilized to explore the relationship between the independent (age, sex, hand dominance, BMI, 
physical activity, thoracic measures) and dependent (scapular (3 axes) and clavicular (2 axes)) 
variables. Q-q plots and scatter plots were used to identify normal residual distribution. Statistical 
calculations for all postural measurements were carried out for the two reference frames separately.  
Bland–Altman plots (Bland and Altman 1986; Bland and Altman 1999) with limits of agreement 
(calculated as 1.96 × standard deviation (SD) of the difference (external-thorax reference frames) ± 
the mean difference) were used to determine possible bias and outliers between the measurements in 
the two reference frames. 
 
 Results 
One hundred asymptomatic volunteers (57 female and 43 male) were included in this study 
with a mean (SD) age of 34.8 ±11.2 years, mean (SD) BMI of 23.9±4.2 kg/m2, mean(SD) thoracic 
inclination of 8.48°±5°, and with 18 (9 female and 9 male) being left-hand dominant. 
 
Multiple regression analysis showed that the scapular resting posture was mainly associated  
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with thoracic inclination with a more anteriorly inclined thorax associated with a more anteriorly 
tilted scapula and was more evident in the external reference frame (R2 right 0.67, left 0.61) than the 
thorax reference frame (R2 right 0.37, left 0.36). Scapular internal rotation (increased) was 
predominantly associated with clavicular protraction (increased) and was more prevalent in the thorax 
reference frame (R2 right 0.69, left 0.7) than the external reference frame (R2 right 0.58, left 0.57). 
Scapular upward rotation (increased) was associated with clavicular elevation (increased) and 
scapular downward rotation (increased) was associated with clavicular protraction (increased), but 
also by increased thoracic inclination. The influence was slightly more correlated in the regression 
model based on the external reference frame (R2 right0.31, left 0.5) compared to the thorax reference 
frame (R2 right 0.26, left 0.41). Thoracic curvature, measured by the kyphosis index, was only 
significant with increased scapular internal rotation in both reference frame measures for both the 
right and left scapulae (p < 0.014) (Table 6.3-4 and Table 6.3-5). 
 
The clavicular orientation did not show a strong association with any of the potential 
predictors (max R2 0.19); however, thoracic inclination posture showed a weak association with 
increased clavicular protraction and elevation. This was noted only in the external reference frame 
(right clavicular elevation p = 0.025 and right protraction p = 0.03). Clavicular orientation was also 
weakly associated with age in left and right clavicular protraction (p < 0.004) in the external 
reference frame. This association was only significant in right clavicular protraction in the thorax 
reference frame. Level of physical activity and hand dominance did not seem to influence either 
scapular or clavicular resting posture. Age, BMI, and sex had a significant, but weaker, influence on 
scapular resting posture when compared with factors such as thoracic inclination and clavicular 
posture (Table 6.3-4 and Table 6.3-5). 
 
Scapular and clavicular resting postures (in degrees) relative to the thorax and the external 
reference frames for females/males and left/right hand dominance are presented in Table 6.3-3. There 
were no significant differences in the group means of scapular and clavicular resting posture between 
males and females or between the dominant side to the non-dominant side. 
 
Significant side differences between an individual’s right and left shoulder girdles 
Table 6.3-1) were found in the external reference frame for clavicular elevation in males and females 
(less elevated on the right) (p < 0.044, mean (SD) difference 1° ± 2.8° in males and 3.5° (SD) in 
females) and increased right clavicular protraction in females (p = 0.001, mean (SD) difference 1.8° 
± 3.94°. The scapula was also observed to be more internally rotated in females on the right (p = 0.03, 
mean (SD) difference 1.92° ± 4.73°). The trend of increased right clavicular protraction was also 
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consistent in the analysis of the whole population sample (p = 0.003, mean (SD) difference 0.97° ± 
3.19°) but significantly reduced scapular elevation was noted on the right (p = 0.018, mean (SD) 
difference 1.04° ± 4.35°).   
 
Table 6.3-1 Left and Right Side Difference Sub-grouped by Sex 
Left and right side scapular and clavicular rotations measure difference and Pearson correlation (r) 
between the individual right and left shoulder girdles in the external and thorax reference frame. 
Left and Right side difference paired sample t-test 
Rotation 
Ref. 
Frame 
Paired Differences  Pearson Correlation (r) 
Mean SD t df Sig. (2-tailed) r Sig. 
Total (n=100) 
Scapula 
Int/Ext 
External 0.83 5.19 1.596 99 0.11 0.63 p<0.000 
Thorax -0.45 9.49 -0.470 99 0.64 0.14 0.166 
Scapula 
Up/down 
External 1.04 4.35 2.397 99 0.018* 0.72 p<0.000 
Thorax 0.57 4.35 1.300 99 0.12 0.71 p<0.000 
Scapula 
Tilt 
External 0.11 3.15 0.353 99 0.73 0.81 p<0.000 
Thorax -0.15 2.91 -0.522 99 0.60 0.78 p<0.000 
Clavicle 
Pro/Ret 
External 0.84 4.45 1.877 99 0.06 0.67 p<0.000 
Thorax -0.42 8.93 -0.475 99 0.64 0.11 0.282 
Clavicle 
Ele/Dep 
External 0.97 3.19 3.037 99 0.003* 0.74 p<0.000 
Thorax 0.49 3.08 1.582 99 0.12 0.76 p<0.000 
Males (n=42) 
Scapula 
Int/Ext 
External -0.62 5.46 -0.742 42 0.46 0.69 p<0.000 
Thorax -2.36 10.86 -1.422 42 0.16 0.15 0.329 
Scapula 
Up/down 
External 0.84 3.62 1.524 42 0.14 0.75 p<0.000 
Thorax -0.05 3.71 -0.092 42 0.93 0.79 p<0.000 
Scapula 
Tilt 
External 0.43 3.06 0.922 42 0.36 0.82 p<0.000 
Thorax -0.08 2.72 -0.185 42 0.85 0.85 p<0.000 
Clavicle 
Pro/Ret 
External -0.43 4.81 -0.580 42 0.57 0.70 p<0.000 
Thorax -2.22 10.05 -1.448 42 0.16 0.13 0.392 
Clavicle 
Ele/Dep 
External 0.99 2.79 2.336 42 0.024* 0.84 p<0.000 
Thorax 0.03 2.91 0.072 42 0.94 0.82 p<0.000 
Females (n=56) 
Scapula 
Int/Ext 
External 1.92 4.73 3.064 56 0.003* 0.60 p<0.000 
Thorax 1.00 8.11 0.927 56 0.36 0.16 0.225 
Scapula 
Up/down 
External 1.19 4.86 1.857 56 0.07 0.70 p<0.000 
Thorax 1.03 4.75 1.637 56 0.11 0.65 p<0.000 
Scapula 
Tilt 
External -0.13 3.23 -0.303 56 0.76 0.81 p<0.000 
Thorax -0.21 3.06 -0.514 56 0.61 0.70 p<0.000 
Clavicle 
Pro/Ret 
External 1.79 3.94 3.422 56 0.001* 0.67 p<0.000 
Thorax 0.93 7.80 0.900 56 0.37 0.10 0.457 
Clavicle 
Ele/Dep 
External 0.95 3.49 2.060 56 0.044* 0.63 p<0.000 
Thorax 0.83 3.19 1.967 56 0.054 0.71 p<0.000 
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Differences between sides were noted in right-hand dominant participants compared to left-
hand dominant participants with increased scapular internal rotation (p = 0.02, mean (SD) difference 
1.32° ± 5°), increased clavicular protraction (p = 0.015, mean (SD) difference 1.22° ± 4.45°) and 
reduced clavicular elevation (p = 0.003, mean (SD) difference 1.09° ± 3.25°) on the right side in right-
hand dominant people. No significant differences between sides were noted in left-handed people 
(Table 6.3-2). Although no mean side differences were evident in the thorax reference frame, a 
notable increase in the standard deviation was observed when results were compared to those of the 
external reference frame for scapular internal/external rotation (SD 9.49 in the thorax reference frame 
and 5.2 in the external reference frame) and clavicular protraction/retraction (SD 8.93 in the thorax 
reference frame and 4.45 in the external reference frame).  
 
Table 6.3-2 Side Difference between Dominant and Non-dominant sides 
Paired sample t-test between left and right scapulae and clavicles in left- and right-dominant 
participants in the external and thorax reference frames. 
Left and Right side difference paired sample t-test 
Rotation 
Ref 
Frame 
Paired Differences  Pearson Correlation (r) 
Mean SD t df Sig. (2-tailed) r Sig. 
Right Dominant (n=82) 
Scapula 
Int/Ext 
External 1.32 5.02 2.380 81 0.020* 0.65 p<0.001 
Thorax 0.42 9.20 0.412 81 0.68 0.17 0.123 
Scapula 
Up/down 
External 1.01 4.49 2.028 81 0.046* 0.73 p<0.001 
Thorax 0.36 4.55 0.708 81 0.48 0.70 p<0.001 
Scapula 
Tilt 
External 0.18 3.30 0.481 81 0.63 0.82 p<0.001 
Thorax -0.18 3.05 -0.525 81 0.60 0.79 p<0.001 
Clavicle 
Pro/Ret 
External 1.22 4.45 2.477 81 0.015* 0.65 p<0.001 
Thorax 0.31 8.78 0.316 81 0.75 0.07 0.506 
Clavicle 
Ele/Dep 
External 1.09 3.25 3.029 81 0.003* 0.72 p<0.001 
Thorax 0.44 3.28 1.206 81 0.23 0.72 p<0.001 
Left Dominant (n=18) 
Scapula 
Int/Ext 
External -1.41 5.49 -1.088 17 0.29 0.63 0.005 
Thorax -4.38 10.06 -1.849 17 0.08 0.11 0.673 
Scapula 
Up/down 
External 1.21 3.77 1.368 17 0.19 0.74 p<0.001 
Thorax 1.52 3.18 2.028 17 0.06 0.86 p<0.001 
Scapula 
Tilt 
External -0.18 2.44 -0.314 17 0.76 0.76 p<0.001 
Thorax -0.04 2.24 -0.075 17 0.94 0.71 0.001 
Clavicle 
Pro/Ret 
External -0.90 4.13 -0.929 17 0.37 0.81 p<0.001 
Thorax -3.76 9.11 -1.749 17 0.098 0.32 0.199 
Clavicle 
Ele/Dep 
External 0.43 2.94 0.627 17 0.54 0.81 p<0.001 
Thorax 0.72 2.02 1.511 17 0.15 0.92 p<0.001 
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The boxplots displayed in Figure 6.2 the right-to-left side difference in three scapular axes of rotation 
and two clavicular axes of rotation in males and females divided into right- and left-hand dominant 
groups. The increase in variability in the scapular and clavicular Z-axis can be seen in the thorax 
reference frame boxplot figure.  Bland–Altman plots (Figure 6.3) of the mean between the external 
and thorax reference frames plotted against the difference in the reference frames (external-thorax 
bias) show a bias in the spread of the data in both Z-axis rotation (scapular internal/external rotation 
and clavicular protraction/retraction). 
 
Side difference in the external reference frame 
 
Side Difference in the thorax reference frame 
 
Figure 6.2 Side Difference Variability 
Side difference variability in the external and thorax v-Male (right- and left-hand 
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dominance) and female (right- and left-hand dominance) side difference (R-L) 
in three axes of scapular rotation (internal/external (I/E), upward/downward 
rotation (U/P), anterior/posterior tilt (A/P)), and two axes of clavicular rotation 
(protraction/retraction (P/R), and elevation/depression (E/D)) represent outliers. 
 
There were strong relationships between clavicular and scapular postures. Clavicular 
protraction and elevation had a strong influence on scapular internal rotation and upward rotation 
(max R2 0.59), therefore clavicular measurements were included within the scapular rotations 
multiple regression model as independent factors. Age had a significant (B 0.061, SE 0.022, t = 2.823, 
p = 0.006) albeit weak (R2 0.075) influence on thoracic curvature (kyphosis index) and on thoracic 
inclination (B 0.096, SE 0.044, t = 2.158, p = 0.033, R2 0.045). The influence of age on both thoracic 
measurements was still significant when the model was adjusted for BMI and sex.   
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Figure 6.3 Bland–Altman plots 
Bland–Altman plots with limits of agreements and regression line between external and thorax reference measurement of scapular and clavicular 
rotation 
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Table 6.3-3 Right (R) and Left (L) Scapular and Clavicular Resting Postures (degrees) Relative to the External (E) and Thorax (T) Reference frames 
for Females, Males and Hand Dominance. 
  Females Males 
Axis of rotation 
S
id
e 
 Left-dominant (n=9)  Right-dominant (n=48)  Left-dominant (n=9)  Right-dominant (n=34) 
Range  
(Min-Max) 
Mean 
 (SD) 
Range  
(Min-Max) 
Mean  
(SD) 
Range  
(Min-Max) 
Mean  
(SD) 
Range  
(Min-Max) 
Mean  
(SD) 
Scapular 
Int/External  
RE 15 (21 to 37) 29 (5.3) 29 (13 to 42) 31.8 (5.6) 14 (25 to 39) 32.2 (5.4) 28 (18 to 46) 30.5 (6.7) 
RT 19 (21 to 40) 27.9 (6.2) 33 (9 to 42) 31.5 (7) 16 (23 to 39) 30.1 (6) 32 (17 to 49) 29.8 (7.9) 
LE 9 (24 to 33.5) 29 (3.6) 23 (15 to 38) 29.5 (5.1) 26(18 to 45) 34.9 (8.3) 29 (13 to 42) 30.5 (6.7) 
LT 14 (22 to 36) 29.8(4.8) 23 (17 to 40) 30 (5.6) 32 (17 to 49) 36.9 (10.5) 35 (12 to 46) 30 (8.4) 
Scapular 
Up/Downward  
RE 25 (-10 to 14) 0.81 (7) 25 (-13 to 12) 1 (5.6) 13 (-8 to 5) 1 (4.2) 18 (-6 to 12) 1 (4.9) 
RT 24 (-8 to 16) 3.2 (7) 24 (-11 to 13) 1.8 (4.9) 14 (-9 to 5) 1.4 (5) 25 (-11 to 13) 1 (5.7) 
LE 14 (-5 to 9) 0.67 (4.6) 31 (-19 to 12) 0.2 (7) 11 (-5 to 5) ‘-0.03 (3.8) 26 (-11 to 16) 0.2 (5.8) 
LT 18 (-5 to 13) 1.1 (5.2) 28 (-16 to 12) 0.96 (6.2) 11 (-7 to 4) 0.4 (3.6) 29 (-12 to 17) 1.3 (6.4) 
Scapular 
Ant/Posterior 
RE 8 (-13 to -5) -9.1 (2.5) 27 (-28 to -1) -10.5 (5.6) 15 (-20 to -5) -10.9 (4.6) 20 (-20 to -1) -10 (5.4) 
RT 8 (-18 to -10) -12.6 (2.3) 22 (-27 to -5) -12.3 (4.2) 14 (-18 to -4) -11.2 (3.8) 23 (-25 to -2) -11.1 (5.2) 
LE 8 (-13 to -4) -9 (2.5) 28 (-26 to 2) -10.4 (5.6) 13 (-20 to -6) -10.5 (3.8) 19 (-21 to -2) -10.7 (5.1) 
LT 6 (-16 (to -10) -12.8 (1.9) 20 (-22 to -2) -12 (4.2) 10 (-17 to -7) -10.9 (3.1) 25 (-24 to 0.2) -11.1 (5.3) 
Clavicular 
Pro/Retraction 
RE 21 (-35 to-14) -23.3 (5.8) 18 (-31 to -12) -20.9 (4.3) 18 (-34 to-16) -22.9 (5.9) 25 (-35 to-10) -23.2 (6.6) 
RT 15 (-32 to -17) -23.4 (5.6) 22 (-34 to -12) -21 (5.7) 19 (-33 to -15) -24.8 (6.6) 27 (-38 to -11) -23.7 (7.6) 
LE 20 (-34 to-14) -22.6 (6.9) 17 (-33 to-16) -23.1 (4.6) 26 (-36 to-9) -21.7 (7.4) 24 (-34 to-10) -22.9 (5.8) 
LT 25 (-36 to -11) -21.1(9.3) 19 (-32 to -14) -22.5 (5.2) 32 (-36 to -4) -19.6 (9.3) 30 (-37 to -8) -22.3 (7.6) 
Clavicular 
Ele/Depression 
RE 8.6 (-13 to -5) -8.1 (2.8) 17 (-16 to 2) -7 (3.8)  19 (-13 to 6) -5.6 (5.5) 20 (-17 to 3) -7.7 (4.8)  
RT 10 (-15 to -5) -9.3(3.6) 15 (15 to 0.2) -7.9 (4) 22 (-15 to7) -5.7 (5.7) 18 (-17 to 0.4) -8.6 (4.7) 
LE 14 (-16 to -2) -7.8 (4.4) 21 (-20 to 1) -8.2 (4.4)  19 (-15 to 4) -6.7 (5.6) 22 (-19 to 3) -8.6 (4.6)  
LT 13 (-17 to -4) -9.6 (4.1) 22 (-22 to 0.3) -8.8 (4.5) 19 (-14 to 5) -6.8 (5.6) 18 (-17 to 1) -8.4 (4.5) 
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Table 6.3-4 Multiple Linear Regression (external reference frame) 
Results of multiple linear regression analyses with left and right scapulae and clavicles as dependent 
variables and model predictors as independent variables in the external reference frame. 
Axis of rotation Side Model predictors 
Unstandardized 
Coefficients t Sig. R2 
B Std. Error 
Scapular 
 Int/External  
R Kyphosis index 0.408 0.16 2.544 0.013 0.582 
BMI 0.406 0.095 4.265 p < .001* 
 
Right clavicle protraction 0.718 0.072 9.941 p < .001* 
 
L Age 0.131 0.043 2.649 0.009* 0.570 
BMI 0.375 0.107 3.511 0.001* 
 
Thoracic inclination -0.159 0.089 -1.777 0.079  
Kyphosis index 0.694 0.183 3.800 p < .001*  
Left clavicle protraction 0.728 0.08 9.070 p < .001* 
 
Scapular 
 Up/Downward 
R Right clavicle protraction 0.285 0.082 3.462 0.001* 0.321 
Right clavicle elevation 0.565 0.110 5.150 p < .001* 
 
Thoracic inclination 0.220 0.093 2.355 0.021* 
 
L Age -0.104 0.046 -2.276 0.025* 0.508 
BMI -0.231 0.115 -2.005 0.048* 
 
Thoracic inclination 0.461 0.093 4.949 p < .001* 
 
Left clavicle protraction 0.344 0.089 3.865 p < .001* 
 
Left clavicle elevation 0.518 0.105 4.929 p < .001* 
 
Scapular 
 Ant/Posterior 
R Sex -1.394 0.654 -2.13 0.036* 0.665 
BMI -0.252 0.078 -3.231 0.002* 
 
Thoracic inclination -0.807 0.062 -12.99 p < .001* 
 
L BMI -0.188 0.077 -2.438 0.017* 0.606 
Thoracic inclination -0.748 0.065 -11.558 p < .001* 
 
Clavicular 
 Pro/Retraction  
R BMI 0.353 0.135 2.614 0.01 0.192 
Sex 2.238 1.075 2.082 0.04  
Age -0.187 0.05 -3.751 p < .001* 
 
Thoracic inclination 0.228 0.103 2.204 0.03 
 
L Age -0.153 0.051 -2.993 0.004* 0.089 
BMI 0.239 0.136 1.762 0.081 
 
Clavicular 
 Ele/Depression 
R Age -0.069 0.037 -1.849 0.067 0.101 
 
Thoracic inclination -0.189 0.083 -2.276 0.025* 
 
L Age -0.069 0.041 -1.693 0.094 0.072 
 
Thoracic inclination -0.159 0.091 -1.755 0.082 
 
* p < 0.05 
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Table 6.3-5 Multiple Linear Regression (thorax reference frame) 
Results of multiple linear regression analyses with left and right scapulae and clavicles as dependent 
variables and model predictors as independent variables in the thorax reference frame. 
* p < 0.05 
 
  
Axis of rotation Side Model predictors 
Unstandardized 
Coefficients t Sig. R2 
B Std. Error    
Scapular 
 Int/External 
R Age 0.077 0.043 1.809 0.074 0.692 
BMI 0.292 0.109 2.689 0.008*  
Kyphosis index 0.430 0.171 2.509 0.014*  
Right clavicle protraction 0.875 0.067 13.001 p < .001*  
L Age 0.124 0.042 2.973 0.004* 0.696 
BMI 0.301 0.107 2.823 0.006*  
Kyphosis index 0.725 0.173 4.183 p < .001*  
Left clavicle protraction 0.822 0.062 13.305 p < .001*  
Scapular 
 Up/Downward 
R Right clavicle protraction 0.239 0.072 3.305 0.001*  
 Right clavicle elevation 0.504 0.108 4.681 p < .001* 0.257 
 Thoracic inclination -0.183 0.094 -1.948 0.054  
L Age -0.143 0.043 -3.369 0.001* 0.412 
Left clavicle protraction 0.291 0.071 4.078 p < .001*  
Left clavicle elevation 0.412 0.108 3.817 p < .001*  
Scapular 
 Ant/Posterior 
R Sex -2.629 0.762 -3.448 0.001  
BMI -0.468 0.092 -5.101 p < .001* 0.365 
Thoracic inclination -0.275 0.072 -3.811 p < .001*  
Right clavicle elevation 0.148 0.083 1.783 0.078  
L Age -2.247 0.779 -2.884 0.005* 0.360 
BMI -0.425 0.093 -4.556 p < .001*  
Thoracic inclination -0.249 0.073 -3.397 0.001*  
Left clavicle protraction -0.127 0.056 -2.270 0.026*  
 Left clavicle elevation 0.226 0.086 2.639 0.010*  
Clavicular 
 Pro/Retraction 
R Age -0.204 0.058 -3.511 0.001* 0.188 
Sex 3.207 1.276 2.514 0.014*  
BMI 0.540 0.160 3.371 0.001*  
L Age -0.103 0.061 -1.695 0.093 0.029 
 
Hand dominance 1.999 1.760 1.135 0.259  
Clavicular 
 Ele/Depression 
R Age -0.063 0.039 -1.607 0.111 0.00 
L Age -0.087 0.041 -2.121 0.036* 0.036 
 
Sex -1.246 0.916 -1.360 0.177  
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 Discussion  
The resting postures of the scapula and clavicle are commonly evaluated in the clinical 
assessment of the shoulder and neck. The purpose of this study is to clarify the normal parameters for 
resting posture of the scapula and clavicle in asymptomatic people, and to determine if these postural 
parameters are influenced by other individual characteristics. Previous findings from studies 
evaluating scapular and clavicular resting postures were restricted to smaller sample sizes and biased 
towards one sex and hand dominance, making firm conclusions regarding the influences of these 
individual factors challenging. Table 6.4-1 compares the scapular and clavicular resting posture in 
the thorax reference frame in this study with that of previously reported studies in asymptomatic, non-
athletic populations. Overall, three studies report clavicular resting posture (combined n =  62) with 
results varying up to ±3° in clavicular protraction up to 6.3° in clavicular depression from the results 
observed in this study. Seven studies that included scapular resting posture (combined n = 138) 
reported a range of 20-42° of scapular internal rotation (mean 30° in this study), -6° to 7.6° range of 
upward/downward rotation (1° to 1.8° in this study), and -2.5° to -27.3° of anterior tilt (-11.5° in this 
study). To ensure comparability, only data from right-dominant participants in this current study were 
included in this table since no previous study has reported findings from left-dominant people as a 
subgroup. Scapular and clavicular resting posture data presented in Table 6.3-3 was calculated in 
relation to the both the thorax and the external reference frames. 
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Table 6.4-1 Clavicular and Scapular Resting Posture Study Comparisons 
C
la
v
ic
le
 R
es
ti
n
g
 P
o
st
u
re
 
Study 3D Method Age BMI 
Population 
  Ele/dep   Pro/ret 
Total Sex RD ND D 
Ludewig et al., (2004) Fastrak 26.9 (5.2) 25~ 30 14F    R -1.6 (3.3)  -18.2 (5.8) 
Ludewig et al. (2009) Bone pins 29.3 (6.8) 25.6~ 12 5F  10 2 C -5.9 (1)  -19.2 (2) 
Helgadottir et al. (2011)* Fastrak  29.7 (7.75) 23.5~ 20 17F 20 
  R -10  -21.5 
  L -12  -23 
Current study Vicon 
32.9 (10) 22.9 (2.9) 48 48 F 48 
  R -7.9 (4)  -21 (5.7) 
  L -8.8 (4.5)  -22.5 (5.2) 
34.8 (11.3) 23.9 (4.1) 34 34 M 34 
  R -8.6 (4.7)  -23.7 (7.6) 
  L -8.4 (4.5)  -22.3 (7.6) 
S
ca
p
u
la
r 
R
es
ti
n
g
 P
o
st
u
re
 
Study 3D Method Age BMI 
Population 
  I/E U/D Tilt 
Total Sex RD ND D 
Ludewig et al., (2009) Bone pins 29.3 (6.8) 25.6~ 12 5F  10 2 C 41.1 (2) -5.4 (1) -13.5 (2) 
Roy et al., (2007) Optotrak 37.3 (13.2) 24.6~ 15 8F 15   R 31.8 (5.6) -1.1 (4.7) -9.2 (4.3) 
Ohl et al., (2015) ** Radiographs 55.3 (7.8) 23.1 (3.1) 25 11F    NR 42.6 (6.2) 6 (6.4) -27.3 (6.6) 
Helgadottir et al., (2011)* Fastrak 29.7 (7.75) 23.5~ 20 17F 20 
  R 25.5 -6.5 -14.4 
  L 23 -4.5 -14.5 
Ribeiro and Pascoal (2013) Motion Monitor 29.6 (1.1) 25 (0.7) 30 M 
 
30 
  D 32.2 1.3 -8.3 
   ND 24.8 7.6 -10.6 
Morais and Pascoal (2013)* Flock of Birds 21.1 (2.2) 23.9~ 14 7F 13 
  ND 20.7 -14 -2.5 
  D 40 2.7 -3.8 
 Schwartz et al., (2014) Codamotion 
M 22.4 (2.5) 22.6 (2.2) 11 11 M    C 30 (7) 0 (5) -9 (4) 
F 22.2 (1.8) 21 (1.5) 11 11 F 
   D 34 (12) -3 (7) -8 (5) 
   ND 29 (9)   
Current study*** 
  
Vicon 
  
32.9 (10) 22.9 (2.9) 48 48 F 48 
  R 31.5 (7)  1.8 (4.9) -12.3 (4.2) 
  L 30 (5.6) 0.96 (6.2) -12 (4.2) 
34.8 (11.3) 
  
23.9 (4.1) 
  
34 
  
34 M 
  
34 
  
  R 29.8 (7.9) 1 (5.7) -11.1 (5.2) 
    L 30 (8.4) 1.3 (6.4) -11.1 (5.3) 
R- right, L-left, M-male, F-female, D-dominant, ND-  non-dominant, C - combined, NR - not reported * Data extracted from graphs. **glenoid centred coordinate system. ***Right-dominant scapular 
and clavicular measurements reported in relation to the thorax (extracted from table 1S), ~BMI calculation based on average height and weight reported. For comparison, all data reported by the studies 
was converted to present as: positive for clavicular protraction and depression, positive for scapular internal rotation, downward rotation and posterior tilt. 
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  This is the first study investigating scapular and clavicular posture to include a measure of 
thoracic inclination from the vertical. This measure is defined by the angle between a vertical line 
and a line between the individual’s thoracic vertebra, corresponding with the mean of left and right 
scapulae, as well as a measurement of curvature (kyphosis index). Overall, the strongest influence on 
scapular orientation at rest was the thoracic inclination where an increased thoracic inclination was 
strongly associated with an increased anterior tilt (R2 0.67) of the scapula in the external reference 
frame. Thoracic inclination also had a mild effect on all of the other scapular and clavicular rotations. 
Thoracic curvature measured with the kyphosis index was only significantly related to internal 
rotation of the scapula. These findings are consistent with previous studies reporting acute increases 
in thoracic curvature (increased kyphosis) such as between upright and slouched sitting postures, 
increasing scapular anterior tilt and upward rotation (Finley and Lee 2003; Kebaetse et al., 1999). 
However, thoracic inclination in this study had only a mild effect on the resting posture of the clavicle 
with increased thoracic inclination increasing right sided clavicle depression and protraction. 
Previous studies (Greenfield et al., 1995; Lewis et al., 2005; Raine and Twomey 1997) that included 
measures of protraction and rotation of the shoulder girdle in relation to the spine (2D) found no 
association between thoracic curvature and shoulder girdle protraction or scapular upward rotation. 
Chapter 5 (Study 3) showed that the thoracic inclination (relative to the vertical) measurement method 
had a stronger relationship with scapular posture than more traditional measures of thoracic curvature 
(thoracic curvature angle or index). Clinically the inclination of the thoracic spine over which the 
scapula is located has a substantial effect on its orientation, particularly in the plane of 
anterior/posterior tilt of the scapula. From a practical perspective, clinicians may need to focus an 
individual’s attention towards their thoracic posture initially when attempting to change the postural 
orientation of their scapula. If not addressed, attempts to correct observed aberrant postures of the 
scapula may not be successful.  
 
 Hand dominance and side difference  
Comparing kinematics between the right and left sides of the body is a common clinical 
assessment method. Although this practice extends to the clavicular and scapular resting postures in 
the assessments of both upper limb and neck pain disorders, very little is known as to whether, in the 
shoulder girdle, the assumption that little differences exist between sides is a valid assumption. The 
reduced clavicular elevation and increased protraction found in this study in females is similar to 
findings in clavicular posture in previous studies (Helgadottir et al., 2011; Sobush et al., 1996). The 
reduced scapular upward rotation on the right side reported for the whole population has also been 
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reported in other studies reporting a more downward rotated scapula on the dominant side in right-
dominant people (Greenfield et al., (1995); Raine and Twomey (1997), Schwartz et al., (2014), 
Matsuki et al., (2011), Helgadottir et al., (2011)).  Other studies in contrast reported a more retracted 
clavicle and upwardly rotated scapula (Morais and Pascoal 2013) (Table 6.4-1). Differences in 
findings between the current study and previous studies may reflect methodological, sample size, and 
population subgrouping (left- vs right-hand dominant, males vs females) differences. This is the first 
study with sufficient sample size to explore both the effect of hand dominance as well as sex between 
an individual’s right and left sides. This may potentially explain discrepancies but may also be due to 
the dependence on means for comparisons. Although statistical differences were found in this study 
between sides, in certain clavicular and scapular postures, the differences were minimal and did not 
exceed two degrees; hence, the clinical relevance of this difference is probably negligible. Figure 6.2 
clearly shows that individual variability between sides is common and can reach up to 10 degrees’ 
difference between an individual’s left and right side in an asymptomatic population. Figure 6.2 also 
demonstrates slightly more variability in scapular resting posture in right-dominant people compared 
to left-dominant people and in females compared to males when the scapula and clavicle are 
expressed in the external reference frame. It is also noteworthy that although this is the first study 
detailing scapular and clavicular resting posture in left-dominant people there were only 18 left-
dominant (9 male and 9 female) individuals in the sample compared to 82 right-dominant individuals. 
The significantly increased differences between sides in scapular internal/external rotation and 
clavicular protraction/retraction (Z-axis) observed in the thorax reference frame, coupled with low 
correlation in those axes compared to the 3 other axes’ rotations presented in  
Table 6.3-1  and a bias in the Bland–Altman plots (Figure 6.3) discussed in the results may 
indicate a systematic error that may be related to the definition of the axis system of the thorax as 
described by the ISB recommendation. Future studies will need to address this issue.   
 
 Age 
Age was associated with an increase in right and left clavicular retraction and scapular internal 
and upward rotation on the left side. Although significant, these relationships were relatively weak (t 
< -3.75). A limited number of studies have investigated the effect of age on shoulder girdle posture. 
Endo et al., (2004) reported an increase in scapular anterior tilt (Pearson’s correlation coefficient 
0.378) with aging in a sample group of 44 individuals between the ages of 16 and 73. Raine and 
Twomey (1997) found no effect of age on forward shoulder posture or on thoracic curvature (2D 
measures) in a population of 161 people between the age of 17 and 83.  
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Change in thoracic kyphosis and age have been investigated in previous studies with 
contradicting results. Oe et al., (2015)  reported a change in thoracic angle with age in 656 participants 
over the age of 50 years. This was significant both in males and females. Fon et al., (1980) reported 
similar results in a population of 159 males and 157 females between the ages of 2-79 years. Lang-
Tapia et al., (2011) reported a significant increase in thoracic kyphosis with age only when it was 
unadjusted for BMI and sex (297F, 362M). Lang-Tapia et al., (2011) results are similar to the results 
observed in this study where age and thoracic inclination were significant (p = 0.03) but not when 
taking into account BMI and sex (p < 0.189). Gelb et al., (1995) found no correlation between age 
and increase in thoracic spine angle in 100 participants over the age of 40 years.   
 
One of the limitations of this study was the age distribution with most (76%) of the participants 
being between 18-40 years. This should be taken into account when considering the effect of age on 
scapular, clavicular, and thoracic posture. It is important to note that changes in shoulder posture as 
well as changes to thoracic inclination might be apparent in individuals over time and would not 
necessarily be apparent in a cross-sectional analysis of a population. Longitudinal studies are needed 
to more accurately determine the effect of age on shoulder girdle and thoracic posture.  
 
 Sex 
Although sex was not a significant predictor of scapular or clavicular posture in the regression 
models there were some side differences and larger individual variability more prevalent in females  
Table 6.3-1  and Figure 6.2) that may need to be considered when assessing clavicular and 
scapular orientation at rest in females. The finding of no differences between males and females is 
consistent with a previous study that compared 11 males and 11 females (Schwartz et al., 2014).  
 
 BMI 
In this study, higher BMI was associated with increased scapular internal rotation, upward 
rotation, anterior tilt, and clavicular protraction on the left. Although this relationship extended across 
multiple measures, this association was not strong compared to factors like clavicular and thoracic 
measurements. The findings are somewhat consistent with a previous study that reported that BMI 
was not significantly related to scapular resting posture (Ohl et al., 2015).  
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 Relationship between scapular and clavicular resting posture  
Clavicular protraction and elevation were found to have a strong influence on scapular resting 
posture. Clavicular protraction was strongly associated with scapular internal rotation and scapular 
upward rotation (R2 max 0.58), where clavicular elevation was associated with scapular upward 
rotation (R2 max 0.51). A previous study by the authors exploring scapular posture at the end range 
of clavicular motion yielded similar results (Bet-Or et al., 2017) . The strong relationship between the 
clavicular posture and the scapular posture, although biomechanically logical due to the attachment 
of the scapula to the end of the clavicle through the acromioclavicular joint, is of clinical and research 
importance since it will influence treatment direction and interpretation of shoulder girdle kinematics.  
 
 Physical activity level 
Physical activity level (measured by the IPAQ) in this study was not a significant influence 
on shoulder girdle resting posture. Previous studies investigating sporting populations reported 
differences between athletes’ dominant and non-dominant sides. Oyama et al., (2008) and Ribeiro 
and Pascoal (2013)  reported increased scapular internal rotation and anterior tilt on the dominant side 
of overhead athletes. A systematic review by Burn et al., (2016) reported the presence of scapular 
dyskinesis in 61% of overhead athletes compared to 33% in non-overhead athletes (observational 
measurement). These alterations in scapular posture may indicate a possible tissue adaptation to 
repetitive load leading to altered resting postures in these populations. 
 
 External vs. thorax reference frame 
Assessing both the scapula and the thorax in the external reference frame has previously added 
information about the relationship between the thorax and the scapula in the sagittal plane. This study 
has highlighted the importance of thoracic inclination measures on the posture of the scapula in 
anterior/posterior tilt with a strong association of increased inclination with increased scapular 
anterior tilt. Thoracic inclination was also significant in the regression model in most other scapular 
and clavicular axes of rotation. The moderate association of thoracic curvature or inclination on 
scapular and clavicular posture expressed in the thorax reference frame may indicate that it 
undervalues the effect of the thorax on the shoulder girdle posture. Possible systematic bias of the 
thorax reference system in the measurement of the rotations around the Z-axis when compared to the 
external reference frame measures may have implications for the data presented in this thesis. For 
this reason, this thesis presents data for both frames of reference so that findings can be compared 
 99 
 
and a more informed consensus reached regarding any potential differences in shoulder girdle resting 
posture in those with and without neck pain.     
 
 
 Study limitations 
Findings of this study are limited to the asymptomatic population. However, we specifically 
targeted this population to better understand normal variations in the relationship between resting 
posture of the scapula and clavicle, and the other individual variables examined. A particular strength 
of this study is that these relationships have been undertaken in a sample larger than previous studies. 
Further limitations include the relatively small number of left-dominant participants (n = 18) and age 
distribution bias towards the first three decades.   
 
 Conclusion  
This study has demonstrated that resting scapular posture is strongly associated with thoracic 
inclination (scapular anterior/posterior tilt) and clavicular posture (scapular internal and upward 
rotation). Significant, but weak, correlations were also identified between other individual factors, 
such as BMI and age. Neither sex nor hand dominance showed any significant influence on scapula 
and clavicle resting posture in the regression model, but side difference was noted in right-dominant 
females, both in clavicular and scapular orientation. This is the first study to describe the resting 
posture of an asymptomatic population in a large cohort taking into account multiple factors that may 
influence shoulder girdle posture. Establishing descriptive scapular resting posture will allow future 
clinicians and researchers to better identify deviations from normative data that will help inform the 
relevance of kinematic scapular findings to the diagnosis and treatment of shoulder and neck 
disorders.    
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- CHAPTER 7 – 
 
7. Study 5: Evaluation of scapular resting posture in 
individuals with and without chronic neck pain 
 
Chapter 5 highlights the potential additional benefit of incorporating scapulothoracic measurements 
derived from both the external and thorax reference frames. Chapter 6 describes normative values of 
shoulder girdle and thoracic spine upright resting posture from an asymptomatic population and 
identified a strong association between the orientation of the thorax, clavicle, and scapula. In Chapter 
7, scapulothoracic resting posture in upright standing is compared in individuals with and without 
chronic non-specific neck pain.  
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 Introduction 
Neck pain is a common human phenomenon. Findings from The Bone and Joint Decade Task 
Force on Neck Pain and Its Associated Disorders indicate that between 30 to 50% of adults in the 
general population will experience neck pain in any given year with 12-month prevalence estimates 
of 30 to 50%. Additionally, 50 to 85% of people in the general population who experience an episode 
of neck pain will report further episodes 1 to 5 years later (Carroll et al., 2009; Hogg-Johnson et al., 
2009). Up to 80% of patients with neck pain commonly report difficulties performing activities 
involving the shoulder complex (Osborn and Jull 2013) mostly involving sustained low-to-medium 
loads, such as computer work, driving, and household activities including cooking, ironing, washing, 
or putting away the dishes. These activities usually occur well below 120 of arm elevation 
(Rundquist et al., 2009). The ability to sustain arm load and perform activities of daily living is 
dependent on appropriate neuromuscular control of the shoulder girdle, the spine (including the head 
and cervical spine), and upper limb. On this basis, it is speculated that changes in the neuromuscular 
control of the shoulder girdle, and in this case the scapula, may be associated with strain to pain-
sensitive cervical structures contributing to the initiation and perpetuation of neck pain.  These 
changes to the shoulder girdle may include changes to the resting posture and/or dynamic control of 
the shoulder girdle.  
 
Mechanisms underlying this association between altered scapular kinematics and neck pain may 
include factors such as alterations in the length-tension relationship of muscles that attach to both the 
scapula and the cervical spine. Scapular-spine muscles, such as trapeziuses, levator scapulae, and 
rhomboids, which have direct attachments to the spine, may induce adverse compressive loads on 
pain-sensitive neck structures (Behrsin and Maguire 1986). This loading is thought to contribute to 
the development of neck and shoulder pain, particularly during static work postures and prolonged 
loading of the upper limb with the significant clinically observable feature being altered scapular 
kinematics (Szeto et al., 2002).  
 
While there is good evidence to suggest that altered scapular kinematics are associated with 
specific shoulder pathologies (impingement, rotator cuff pathology, glenohumeral instability, 
adhesive capsulitis, and shoulders stiffness (Ludewig and Reynolds 2009) the association between 
axioscapular dysfunction and non-specific neck pain has been largely based on clinical anecdotal 
evidence (Jull et al., 2008; O'Leary et al., 2009; Sahrmann 2011).  
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The purpose of this study is to address the identified gap in the literature regarding shoulder girdle 
resting posture by comparing the resting posture of the scapula, clavicle, and thoracic spine complex 
between people with and without chronic non-specific neck pain. This aim will be addressed through 
the following specific questions:  
 Are there differences in scapulothoracic resting posture in individuals with and without neck 
pain? 
 Do individual factors, such as age, sex, BMI, hand dominance, side difference, and thoracic 
alignment (kyphosis index and thoracic inclination) influence resting posture of the scapula 
and clavicle differently in those with and without neck pain? 
 Is there a relationship between level of neck disability and scapulothoracic resting posture? 
 Are there recognizable patterns of scapulothoracic resting posture that distinguish between 
people with or without neck pain? 
 Is there a correlation between upper limb and neck disability? 
 
 Methods 
 Participants 
Asymptomatic volunteers and people with chronic non-specific neck pain were recruited from 
staff and students within the university and general population. Participants were excluded from the 
study if they had current shoulder pain or history of trauma to the neck, shoulder, or spine (whiplash, 
dislocations, fractures, or surgery), scoliosis (diagnosed or identified during initial screening), leg 
length discrepancy (affecting upright standing posture, measured as a difference in iliac crest height 
between sides when both knees are extended), reported neurological signs, medical diagnosis of 
fibromyalgia, systemic illness or a connective tissue disorder, or a medical disorder which contra -
indicated physical exercise. Participants were also excluded if they had previously trained their 
shoulder girdle or cervical spine muscles.  
 
In addition to these exclusions, to meet the inclusion criteria for chronic neck pain, participants 
had to score >8% on the Neck Disability Index (NDI) (Vernon 2008) and experience neck pain of 
insidious onset for three months or more prior to data collection. Participants with or without 
headaches or arm pain were included. The neck region was defined as an area from line of occiput to 
the tip of the acromion and down to T4 and was categorized as right side, left side, or right and left 
side pain. Eligibility as a neck pain case was confirmed by a physical examination of their shoulder 
and neck region conducted by a qualified physiotherapist prior to data collection (Appendix G). All 
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procedures conformed to the Declaration of Helsinki. Ethical approval was obtained from the 
Institutional Medical Research Ethics Committee and all participants provided written informed 
consent prior to participation. 
 Procedure 
The testing protocol, measurements, and analysis procedures are identical to those described in 
Chapter 6. Therefore, only the key measurement information and information unique to the neck pain 
group will be presented here to avoid duplication. Methods for the entire group are presented in 
Chapter 6, section 6.2  
 
 Measurements 
Individual variables – age was measured in years at the time of testing. Body mass index (BMI) 
was calculated as weight (kg) divided by height (meters) squared (kg/m2). Hand dominance was self-
reported. 
 
Scapula and clavicular measurements – In both reference measures the scapular and 
clavicular axes of rotation were defined as internal/external rotation (Z-axis, positive internal 
rotation), upward/downward rotation (X-axis, positive defined as downward rotation) and 
anterior/posterior tilt (Y-axis, positive defined as posterior tilt). The clavicular axes of rotation were 
defined as protraction/retraction (Z-axis, positive defined as protraction) and elevation/depression (X-
axis, positive defined as depression). Resting posture of the clavicle and scapula were calculated in 
degrees. 
 
Thoracic spine measurements – Thoracic spine inclination was defined as the angle between 
the vertical and a line between the thoracic markers corresponding to the level of the inferior angle 
and root of spine (averaged between left and right scapulae, Figure 5.1(C).  
 
Thoracic spine curvature was also measured and was defined by the kyphosis index (KI), 
defined as a measurement of the thoracic length (L) (distance between the T1-T12 spinous processes 
markers) and width (W) (distance between marker most distant from and perpendicular to the T1-T12 
vector, Figure 5.1(D). The KI was then calculated by the equation KI =W/L x100. 
 
Symptom measurements – The 10-item NDI was used to assess the level of disability associated 
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with neck pain. The score for each item is summed and expressed as a percentage with 0 – 8% 
considered to indicate an absence of neck disability. The higher percentage scores indicated higher 
self-perceived neck disability. This tool has proven to have good internal consistency and test–retest 
reliability (Vernon and Mior 1991). The 30–item Disability of Arm, Shoulder, and Hand Scale 
(DASH) was administered to confirm eligibility of asymptomatic participants for the study and to 
assess the relationship between shoulder and neck disability in the neck pain group. It has shown 
good reliability and validity (Desai et al., 2010; Hudak et al., 1996). DASH scores were calculated as 
described by the recommended guidelines (DASH score*25)/30) to convert it to a 0-100 scale.  
 
 Statistical Analysis  
All statistical analyses were performed with SPSS version 24.0 (IBM Corporation, New York, 
NY, USA). Significance was set at p < 0.05. Differences in posture of the clavicle, scapula, and thorax 
between individuals with and without neck pain were assessed using independent sample t-tests. Side 
difference between right and left clavicles and scapulae were assessed using paired sample t-tests.  
 
To assess the influence of individual factors of age, sex, BMI, and thoracic alignment (KI and 
thoracic inclination) on scapula and clavicle resting posture in those with and without neck pain, 
multiple linear regression analyses were conducted. Q-Q plots and scatter plots were used to check 
for normal residual distribution. As described in Chapter 6, clavicular measurements were used as 
independent variables to assess their influence on scapular resting posture.  
 
To assess whether scapulothoracic resting posture can distinguish between people with or 
without neck pain, linear discriminant analysis was used to assess differences between the groups 
(Wilk’s Lambda), weighting of clavicle, scapula, thoracic variables coefficients (separate-group 
histograms) and group allocation prediction into the two groups (classification percentage).  
 
The relationship between level of disability (measured by the NDI) and scapulothoracic resting 
posture was assessed with multiple linear regression analyses with clavicular, scapular, and thoracic 
posture as independent variables and the score on the NDI as the dependent variable.  Correlation 
between upper limb disability as evaluated with the DASH and neck disability (NDI) was assessed 
with Pearson correlation (r).  
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 Results 
Overall 100 asymptomatic individuals and 53 participants with neck pain were recruited. No 
significant group differences were found for age or BMI. Due to the low number of left-hand-
dominant participants in the neck pain group, hand dominance was not introduced as a covariate in 
any analyses (Left-hand-dominant neck pain group n = 4; asymptomatic n = 18).  The group 
characteristics are presented in Table 7.3-1.  
 
Table 7.3-1 Group Demographics and Disability Scores, Means and Standard Deviation (± SD)  
  Asymptomatic  (n=100, 18L*) Neck pain (n=53, 4L*) 
  Total Men (n=43) 
Women 
(n=57) 
Total Men (n=18) 
Women 
(n=35) 
Age (years) 34.8 (11.2) 37 (11.6) 33.1 (10.6) 35.7 (10.7) 38.5 (12.3) 34.2 (9.7) 
BMI (kg/m2) 23.9 (4.2) 25.4 (4.7) 22.8 (3.3) 23.5 (3.4) 25.1 (3.6) 22.8 (3.1) 
NDI /100    21.7 (8.6) 23.2 (8.31) 18.9 (8.7) 
DASH/100    14 (10.7) 15.6 (11.3) 10.7 (9) 
* L = left-hand dominance 
 
 Scapulothoracic resting posture in individuals with and without neck pain 
Overall, a significant difference in the mean thoracic, scapular, and clavicular resting posture 
between the asymptomatic and neck pain groups was observed in males. Males with neck pain 
demonstrated reduced scapular anterior tilt (p = 0.035, mean difference 2.65°) compared to the 
asymptomatic males (Table 7.3-3) when measured in the external reference frame. No difference 
between the groups was noted when calculated in the thorax reference frame (Table 7.3-4). Reduced 
thoracic inclination was also observed in males with neck pain compared to males in the 
asymptomatic group (p = 0.033, mean difference -2.51°) but no significant difference was found 
between the groups in spinal curvature (KI) (Table 7.3-2).   
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Table 7.3-2 Thoracic inclination and curvature by group 
Mean and Standard Deviation (SD, range (minimum and maximum values)) of the Thoracic 
Inclination (degrees) and Thoracic Curvature (kyphosis index) Measures in the Asymptomatic 
Group and the Neck Pain Group and group compression using independent sample t-test. 
Thoracic inclination and thoracic kyphosis (measured with the kyphosis 
index) 
Within- group 
Diff  
(Men-Women) 
Axis of 
rotation 
Group 
  
Total  
(100A, 53NP) 
Males  
(43A, 18NP) 
Females  
(57A, 35NP) 
Mean 
Diff. 
Sig. 
 (2-tailed) 
T
h
o
r
a
c
ic
 I
n
c
li
n
a
ti
o
n
 
Asymptomatic 
Mean (SD) 8.48 (5) 8.9 (4.4) 8.17 (5.5) 
0.712 0.49 
Range (Min-Max) 28 (-3.3-24.5) 22 (-1.1-20.4) 16 (-1-15) 
Neck Pain 
Mean (SD) 7.5 (3.6) 6.4 (3.2) 8.19 (3.8) 
-1.82 0.09 
Range (Min-Max) 16.1 (-1-15) 12 (1-13) 16 (-1-15) 
Between- 
group diff 
(NP-A) 
Mean Difference -0.9 -2.51 0.02   
Sig. (2-tailed) 0.25 0.033 0.984   
K
y
p
h
o
si
s 
In
d
e
x
 Asymptomatic 
Mean (SD) 11.4 (2.5) 12.2 (2.4) 10.75 (2.4) 
1.44 0.04 
Range (Min-Max) 11.4 (6-18) 9 (8-18) 11 (6-17) 
Neck Pain 
Mean (SD) 11 (2.8) 11.1 (2.1) 10.95 (3.2) 
0.18 0.832 
Range (Min-Max) 17.5 (4-21) 7 (8-15) 18 (4-21) 
Between- 
group diff. 
(NP-A) 
Mean Difference -0.35 -1.06 0.72   
Sig. (2-tailed) 0.43 0.11 0.21   
Note: NP = Neck Pain; A = Asymptomatic 
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Table 7.3-3 Scapula resting posture (external reference frame) 
Mean and Standard Deviation (SD, range (minimum and maximum values)) of the 
Right (R) and Left (L) Scapular Rotation Measurements (by degrees) in the 
Asymptomatic Group (A) and the Neck Pain Group (NP) when Analysed in the 
EXTERNAL Reference Frame.  
 
Within group 
Diff  
(Men-Women) 
Axis of 
rotation 
Group 
 
Total  
(100A, 53NP) 
Males  
(43A, 18NP) 
Females  
(57A, 35NP) 
Mean 
Diff. 
Sig. 
 (2-
tailed) 
S
ca
p
u
la
 
I/
E
 
Right 
Asymptomatic 
Mean (SD) 31.1 (6) 30.9 (5.4) 31.4 (5.6) 
-0.50  0.68 
Range (Min-Max) 33 (13 to 46) 28 (18 to 46) 29 (13 to 42) 
Right NP 
Mean (SD) 30.6 (7) 33 (5.1) 29.4 (6.2) 
3.8 0.03 
Range (Min-Max) 29 (13 to 47) 20 (23 to 43) 29 (18 to 47) 
Between-group 
difference  
(NP-A) 
Mean Difference -0.64 2.15 -2.15   
Sig. (2-tailed) 0.53 0.22 0.09   
S
ca
p
u
la
 
I/
E
 
Left 
Asymptomatic 
Mean (SD) 30.3 (6) 31.5 (8.3) 29.4 (4.9) 
2.04 0.12 
Range (Min-Max) 31 (13 to 45) 30(13 to 45) 23 (15 to 38) 
Left NP 
Mean (SD) 29.7 (6) 32 (5.5) 28.6 (6) 
3.3 0.09 
Range (Min-Max) 30 (15 to 46) 22 (22 to 44) 30 (15 to 46) 
Between-group 
difference  
(NP-A) 
Mean Difference -0.56 0.46 -0.81    
Sig. (2-tailed) 0.59 0.81 0.49    
S
ca
p
u
la
 
U
/D
 
Right 
Asymptomatic 
Mean (SD) 1 (5.3) 1 (4.2) 1 (5.7) 
0.07 0.99  
Range (Min-Max) 27 (-13 to 14) 19 (-8 to 12) 27 (-13 to 14) 
Right NP 
Mean (SD) -0.4  (4.9) 0.6 (5.5) -0.9 (4.8) 
1.49 0.32  
Range (Min-Max) 22 (-11 to 11) 22 (-11 to 11) 18 (-10 to 8) 
Between-group 
difference  
(NP-A) 
Mean Difference -1.37 -0.43 -1.85    
Sig. (2-tailed) 0.12 0.76 0.12    
S
ca
p
u
la
 
U
/D
 
Left 
Asymptomatic 
Mean (SD) -0.5 (6.1) ‘-0.2 (3.8) -0.2 (6.6) 
0.42 0.73  
Range (Min-Max) 34 (-19 to 16) 26 (-11 to 16) 31 (-19 to 12) 
Left NP 
Mean (SD) -0.5 (6.2) 0.6 (6.2) -1.1 (6.1) 
1.94 0.28  
Range (Min-Max) 29 (-20 to 9) 24 (-15 to 9) 29 (-20 to 9) 
Between-group 
difference  
(NP-A) 
Mean Difference -0.60 0.44 -1.08    
Sig. (2-tailed) 0.56 0.78 0.44    
S
ca
p
u
la
 
A
/P
 
Right 
Asymptomatic 
Mean (SD) -10.3 (5.2) -10.2 (4.6) -10.4 (5.3) 
0.15 0.89  
Range (Min-Max) 27 (-28 to -1) 20 (-20 to -1) 27 (-28 to -1) 
Right NP 
Mean (SD) -9.5 (4.2) -8.9 (3.1) -9.8 (5.2) 
0.66 0.61  
Range (Min-Max) 20 (-20 to 1) 10 (-13 to -3) 20 (-20 to 1) 
Between-group 
difference  
(NP-A) 
Mean Difference 0.95 1.3 0.79    
Sig. (2-tailed) 0.26 0.23 0.48    
S
ca
p
u
la
 
A
/P
 
Left 
Asymptomatic 
Mean (SD) -10.4 (5.1) -10.6 (3.8) -10.2 (5.3) -0.41 0.69  
 Range (Min-Max) 28 (-26 to 2) 19 (-21 to -2) 28 (-26 to -2)   
Left NP Mean (SD) -9.4 (4.2) -8 (3.2) -10.1 (4.8) 2.08 0.11  
 Range (Min-Max) 18 (-18 to -0.1) 10 (-12 to -3) 18 (-18 to -1)   
Between-group 
difference  
(NP-A) 
Mean Difference 1.04 2.65 0.16    
 Sig. (2-tailed) 0.21 0.035 0.89    
NOTE: NP = Neck Pain; A = Asymptomatic. Group compression using independent sample t-test. 
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Table 7.3-4 Clavicle resting posture (external reference frame) 
Mean and Standard Deviation (SD, range (minimum and maximum values)) of the 
Right (R) and Left (L) Clavicle Rotation Measurements (by degrees) in the 
Asymptomatic Group (A) and the Neck Pain Group (NP) when Analysed in the 
EXTERNAL Reference Frame 
Within-group 
Diff  
(Men-Women) 
Axis of 
rotation 
Group 
  
Total  
(100A, 53NP) 
Males  
(43A, 18NP) 
Females  
(57A, 35NP) 
Mean 
Diff. 
Sig. 
 (2-
tailed) 
C
la
v
ic
le
 
P
/R
 
Right 
Asymptomatic 
Mean (SD) -22.9 (5.5) -23.1 (5.9) -21.2 (4.6) 
-1.88 0.106 
Range (Min-Max) 25 (-35 to -10) 25 (-35 to-10) 23 (-35 to-12) 
Right NP 
Mean (SD) -21.9 (5.7) -20.9 (5.1) -22.4 (4.6) 
1.68 0.23 
Range (Min-Max) 23 (-34 to -11) 17 (-29 to -11) 19 (-34 to -15) 
Between-group 
difference (NP-
A) 
Mean Difference 0.07782 2.25811 -1.30072   
Sig. (2-tailed) 0.93 0.19 0.19   
C
la
v
ic
le
 
P
/R
 
Left 
Asymptomatic 
Mean (SD) -23.1 (5.5) -22.7 (7.4) -23 (5) 
0.33 0.77 
Range (Min-Max) 26 (-36 to -9) 26 (-36 to-9) 20 (-34 to-14) 
Left NP 
Mean (SD) -22.9 (5.2) -21.3 (5.5) -23.6 (5.9) 
2.42 0.16 
Range (Min-Max) 27 (-37 to -10) 21 (-34 to -13) 27 (-37 to -10) 
Between-group 
difference (NP-
A) 
Mean Difference 0.0018 1.41 -0.68   
Sig. (2-tailed) 0.999 0.40 0.56   
C
la
v
ic
le
 
E
/D
 
Right 
Asymptomatic 
Mean (SD) -7.2 (4.2)  -7.2 (5.5) -7.2 (3.6) 
-0.03 0.97 
Range (Min-Max) 24 (-17 to 6) 24 (-17 to 6) 17 (-16 to 2) 
Right NP 
Mean (SD) -7.2 (4) -5.9 (4) -7.8 (4.1) 
2.07 0.08 
Range (Min-Max) 15 (-15 to -1) 13 (-12 to 1) 15 (-15 to 1) 
Between-group 
difference (NP-
A) 
Mean Difference -0.09165 1.29285 -0.80814   
Sig. (2-tailed) 0.9 0.33 0.32   
C
la
v
ic
le
 
E
/D
 
Left 
Asymptomatic 
Mean (SD) -8.2 (4.6) -8.2 (5.6) -8.1 (4.4) -0.07 0.94 
 Range (Min-Max) 23 (-20 to 4) 23 (-19 to 4) 21 (-20 to 1)   
Left NP Mean (SD) -8.1 (4.5) -6.4 (4.7) -8.9 (4.4) 2.71 0.04 
 Range (Min-Max) 18 (-22 to 1) 17 (-16 to 1) 18 (-18 to 0.2)   
Between-group 
difference (NP-
A) 
Mean Difference -0.05 1.78 -1.0   
 Sig. (2-tailed) 0.95 0.19 0.28   
NOTE: NP = Neck Pain; A = Asymptomatic. Group compression using independent sample t-test 
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Table 7.3-5 Scapula resting posture (thorax reference frame) 
Mean and Standard Deviation (SD, range (minimum and maximum values)) of the 
Right (R) and Left (L) Scapular Rotation Measurements (by degrees) in the 
Asymptomatic Group (A) and the Neck Pain Group (NP) when Analysed in the 
THORAX Reference Frame.    
Within-group 
Diff  
(Men-Women) 
Axis of 
rotation 
Group  Total Males Females 
Mean 
Diff 
Sig.  
(2-tailed) 
S
ca
p
u
la
 
In
t/
E
x
t 
RA Mean (SD) 30.48 (7.16) 29.87 (7.5) 30.94 (6.95) -1.07 0.46 
 Range (Min-Max) 39 (9 to 49) 32 (17 to 49) 33 (9 to 42)   
RNP Mean (SD) 30.50 (7.13) 31.50 (6.56) 29.99 (7.44) 1.52 0.47 
 Range (Min-Max) 35 (17 to 52) 24 (18 to 42) 35 (17 to 52)   
 Mean Difference 0.02200 1.64 -0.96   
 Sig. (2-tailed) 0.985 0.42 0.53   
S
ca
p
u
la
  
In
t/
E
x
t 
LA Mean (SD) 30.93 (7.3) 32.23 (9.1) 29.95 (5.47) 2.28 0.15 
 Range (Min-Max) 37 (12 to 49) 37 (12 to 49) 23 (17 to 40)   
LNP Mean (SD) 29.75 (7.31) 33.24 (6.14) 27.95 (7.28) 5.28 0.01 
 Range (Min-Max) 37 (13 to 50) 23 (22 to 45) 37 (13 to 50)   
 Mean Difference -1.181 1.01 -1.99   
 Sig. (2-tailed) 0.343 0.67 0.138   
S
ca
p
u
la
  
U
p
/D
o
w
n
 
RA Mean (SD) 1.61 (5.35) 1.09 (5.49) 2.01 (5.26) -0.92 0.40 
 Range (Min-Max) 27 (-11 to 16) 25 (-11 to 13) 27 (-11 to 16)   
RNP Mean (SD) 0.51 (5.34) 2.31 (5.75) -0.42 (4.95) 2.74 0.08 
 Range (Min-Max) 22 (-11 to 11) 22 (-11 to 11) 17 (-10 to 8)   
 Mean Difference -1.104 1.23 -2.43   
 Sig. (2-tailed) 0.226 0.43 0.03   
S
ca
p
u
la
  
U
p
/D
o
w
n
 
LA Mean (SD) 1.05 (5.91) 1.14 (5.9) 0.98 (5.99) 0.16 0.89 
 Range (Min-Max) 33 (-16 to 17) 29 (-12 to 17) 29 (-16 to 13)   
LNP Mean (SD) 0.36 (5.87) 1.95 (6.05) -0.46 (5.69) 2.40 0.16 
 Range (Min-Max) 29 (-18 to 11) 26 (-15 to 11) 26 (-18 to 8)   
 Mean Difference -0.687 0.81 -1.43   
 Sig. (2-tailed) 0.494 0.63 0.26   
S
ca
p
u
la
 
A
n
t/
P
o
s 
RA Mean (SD) -11.82 (4.4) -11.14 (1.9) -12.34 (3.94) 1.20 0.18 
 Range (Min-Max) 24 (-27 to -2) 23 (-25 to -2) 22 (-27 to -5)   
RNP Mean (SD) -10.98 (3.68) -11.3 (3.09) -10.82 (3.98) -0.47 0.66 
 Range (Min-Max) 18 (-19 to -2) 12 (-19 to -7) 17 (-19 to -2)   
 Mean Difference 0.840 -0.16 1.52   
 Sig. (2-tailed) 0.237 0.9 0.077   
S
ca
p
u
la
  
A
n
t/
P
o
s 
LA Mean (SD) -11.67 (4.41) -11.06 (4.9) -12.13 (3.97) 1.07 0.23 
 Range (Min-Max) 25 (-24 to 0) 25 (-24 to 0) 20 (-22 to -2)   
LNP Mean (SD) -10.89 (4.08) -10.6 (3.33) -11.04 (4.46) 0.45 0.71 
 Range (Min-Max) 20 (-22 to -2) 12 (-18 to -6) 20 (-22 to -2)   
  Mean Difference 0.785 0.47 1.09   
  Sig. (2-tailed) 0.284 0.71 0.223   
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Table 7.3-6 Clavicle resting posture (thorax reference frame) 
Mean and Standard Deviation (SD, range (minimum and maximum values)) of the 
Right (R) and Left (L) Clavicle Rotation Measurements (by degrees) in the 
Asymptomatic Group (A) and the Neck Pain Group (NP) when Analysed in the 
THORAX Reference Frame 
Within-group 
Diff  
(Men-Women) 
Axis of 
rotation 
Group  Total Males Females 
Mean 
Diff  
Sig.  
(2-
tailed) 
C
la
v
ic
le
 
P
ro
/R
et
 
RA Mean (SD) -22.45 (6.54) -23.93 (7.31) -21.34 (5.71) -2.58 0.05 
 Range (Min-Max) 27 (-38 to -11) 27 (-38 to -11) 22 (-34 to -12)   
RNP Mean (SD) -21.77 (6.3) -21.94 (6.81) -21.68 (6.11) -0.25 0.89 
 Range (Min-Max) 23 (-34 to -11) 23 (-33 to -11) 22 (-34 to -12)   
 Mean Difference 0.683 1.99 -0.34   
 Sig. (2-tailed) 0.534 0.33 0.79   
C
la
v
ic
le
 
P
ro
/R
et
 
LA Mean (SD) -22.03 (6.84) -21.71 (7.9) -22.27 (5.93) 0.57 0.68 
 Range (Min-Max) 33 (-37 to -4) 33 (-37 to -4) 25 (-36 to -11)   
LNP Mean (SD) -22.65 (7.53) -19.63 (6.4) -24.2 (7.68) 4.57 0.04 
 Range (Min-Max) 37 (-42 to -5) 23 (-35 to -12) 37 (-42 to -5)   
 Mean Difference -0.619 2.08 -1.93   
 Sig. (2-tailed) 0.608 0.33 0.18   
C
la
v
ic
le
 
E
le
v
/D
ep
 
RA Mean (SD) -8.05 (4.39 -7.99 (4.99) -8.09 (3.93) 0.10 0.91 
 Range (Min-Max) 24 (-17 to 7) 24 (-17 to 7) 16 (-15 to 0)   
RNP Mean (SD) -8.06 (3.92) -6.79 (3.7) -8.71 (3.92) 1.92 0.09 
 Range (Min-Max) 17 (-16 to 0) 11 (-12 to -1) 17 (-16 to 0)   
 Mean Difference -0.006 1.2 -0.61   
 Sig. (2-tailed) 0.994 0.36 0.47   
C
la
v
ic
le
 
E
le
v
/D
ep
 
LA Mean (SD) -8.54 (4.54) -8.02 (4.7) -8.93 (4.41) 0.90 0.33 
 Range (Min-Max) 27 (-22 to 5) 22 (-17 to 5) 22 (-22 to 0)   
LNP Mean (SD) -8.81 (4.07) -7.7 (4.17) -9.38 (3.95) 1.69 0.15 
 Range (Min-Max) 17 (-17 to 0) 14 (-16 to -2) 17 (-17 to 0)   
 Mean Difference -0.274 0.38 -0.46   
 Sig. (2-tailed) 0.714 0.8 0.62   
 
Significant side differences (external reference frame) between the right and left shoulder 
girdles Figure 7.1 and Table 7.3-7 were observed in females with the right clavicle less elevated than 
the left in both groups (Neck pain p = 0.047, mean difference 1.15° and asymptomatic p = 0.044, 
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mean difference 0.95°). Differences in scapular anterior tilt were also observed between sides in the 
male neck pain group with the right scapula less anteriorly tilted than the left (p = 0.014, mean 
difference -0.92°). Side differences were also observed in the asymptomatic group with females 
presenting with increased right clavicular protraction (p = 0.001, mean difference 1.8° ± 3.94° SD), 
and increased right scapular internal rotation (p = 0.03, mean difference 1.92° ± 4.73° SD). The trend 
of increased right clavicular protraction was also consistent in the analysis of the whole asymptomatic 
population sample (p = 0.003, mean difference 0.97° ± 3.19° SD) but significance was also noted in 
reduced scapular elevation on the right (p = 0.018, mean difference 1.04° ± 4.35° SD) for the whole 
group. No significant difference between sides was noted when measured in the thorax reference 
frame. Similar to the observed results of Study 4 (Chapter 6), very low side to side correlation values 
were observed for measurements in the thorax reference frame (max r = 0.152) in both groups for 
scapular internal/external rotation and clavicular protraction/retraction. Table 7.3-5 (external 
reference frame) and Table 7.3-6 (thorax reference frame) show details for side differences for both 
neck pain and asymptomatic groups that are depicted separately for males and females, as well as 
combined. 
 
 Right - Left Side Difference 
 Total Population Males Females 
D
eg
re
es
 
   
Internal/External Upward/Downward Anterior/Posterior Protraction/Retraction Elevation/Depression 
External Reference Frame 
 
 Right - Left Side Difference 
 Total Population Males Females 
D
eg
re
es
 
   
Internal/External Upward/Downward Anterior/Posterior Protraction/Retraction Elevation/Depression 
Thorax Reference Frame 
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Figure 7.1 With-in Subject Side Difference  
Right-Left Scapular and Clavicular Side Difference in Degrees between the Neck Pain Group 
and Asymptomatic Sub-grouped into Whole Population (total), Males, and Females in the 
External and Thorax Reference Frames. 
 
Table 7.3-7 Right and Left side difference paired samples t-test (external reference frame) 
Right and Left side difference paired samples t-test EXTERNAL Reference Frame 
    Paired Sample Differences 
 Pearson 
Correlation  
Total Ref Frame 
Mean 
(degrees) 
Std. 
Deviation t df 
Sig. (2-
tailed) r 
Scapula Int/Ext Asymptomatic 0.83 5.19 1.596 99 0.114 0.63 
Neck pain 0.75 5.92 0.917 52 0.363 0.52 
Scapula 
Up/down 
Asymptomatic 1.04 4.35 2.397 99 0.018 0.72 
Neck pain 0.27 4.73 0.422 52 0.675 0.66 
Scapula Tilt Asymptomatic 0.11 3.15 0.353 99 0.725 0.81 
Neck pain 0.01 3.41 0.032 52 0.975 0.70 
Clavicle Pro/Ret Asymptomatic 0.84 4.45 1.877 99 0.063 0.67 
Neck pain 0.91 5.39 1.232 52 0.224 0.51 
Clavicle Ele/Dep Asymptomatic 0.97 3.19 3.037 99 0.003 0.74 
Neck pain 0.93 3.50 1.933 52 0.059 0.68 
Males               
Scapula Int/Ext Asymptomatic -0.62 5.46 -0.742 42 0.462 0.69 
Neck pain 1.07 5.45 0.834 17 0.416 0.48 
Scapula 
Up/down 
Asymptomatic 0.84 3.62 1.524 42 0.135 0.75 
Neck pain -0.02 4.55 -0.023 17 0.982 0.70 
Scapula Tilt Asymptomatic 0.43 3.06 0.922 42 0.362 0.82 
Neck pain -0.92 1.42 -2.755 17 0.014 0.90 
Clavicle Pro/Ret Asymptomatic -0.43 4.81 -0.580 42 0.565 0.70 
Neck pain 0.42 4.63 0.387 17 0.704 0.62 
Clavicle Ele/Dep Asymptomatic 0.99 2.79 2.336 42 0.024 0.84 
Neck pain 0.50 3.93 0.545 17 0.593 0.61 
Females               
Scapula Int/Ext Asymptomatic 1.92 4.73 3.064 56 0.003 0.60 
Neck pain 0.58 6.22 0.550 34 0.586 0.48 
Scapula 
Up/down 
Asymptomatic 1.19 4.86 1.857 56 0.069 0.70 
Neck pain 0.43 4.87 0.519 34 0.607 0.62 
Scapula Tilt Asymptomatic -0.13 3.23 -0.303 56 0.763 0.81 
Neck pain 0.50 4.00 0.734 34 0.468 0.67 
Clavicle Pro/Ret Asymptomatic 1.79 3.94 3.422 56 0.001 0.67 
Neck pain 1.16 5.78 1.190 34 0.242 0.43 
Clavicle Ele/Dep Asymptomatic 0.95 3.49 2.060 56 0.044 0.63 
Neck pain 1.15 3.29 2.059 34 0.047 0.68 
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Table 7.3-8 Right and Left side difference paired samples t-test (thorax reference frame) 
Right and Left side difference paired samples t-test Thorax reference frame 
    Paired Sample Differences 
 Pearson 
Correlation 
Total 
Ref Frame 
Mean 
(degrees) 
Std. 
Deviation t df 
Sig. (2-
tailed) r 
Scapula Int/Ext Asymptomatic -0.45 9.49 -0.47 99 0.64 0.14 
Neck pain 0.76 9.86 0.559 52 0.578 0.067 
Scapula 
Up/down 
Asymptomatic 0.57 4.35 1.3 99 0.197 0.707 
Neck pain 0.15 4.72 0.228 52 0.821 0.65 
Scapula Tilt Asymptomatic -0.15 2.91 -0.522 99 0.603 0.782 
Neck pain -0.1 3.27 -0.215 52 0.83 0.649 
Clavicle Pro/Ret Asymptomatic -0.42 8.93 -0.475 99 0.636 0.109 
Neck pain 0.88 10.14 0.63 52 0.531 -0.068 
Clavicle Ele/Dep Asymptomatic 0.49 3.08 1.582 99 0.117 0.762 
Neck pain 0.76 3.00 1.836 52 0.072 0.719 
Males   
       
Scapula Int/Ext Asymptomatic -2.36 10.86 -1.422 42 0.162 0.152 
Neck pain -1.73 8.84 -0.829 17 0.419 0.032 
Scapula 
Up/down 
Asymptomatic -0.05 3.71 -0.092 42 0.927 0.79 
Neck pain 0.37 3.80 0.412 17 0.685 0.793 
Scapula Tilt Asymptomatic -0.08 2.72 -0.185 42 0.854 0.846 
Neck pain -0.70 1.51 -1.982 17 0.064 0.893 
Clavicle Pro/Ret Asymptomatic -2.22 10.05 -1.448 42 0.155 0.134 
Neck pain -2.31 9.09 -1.077 17 0.297 0.055 
Clavicle Ele/Dep Asymptomatic 0.03 2.91 0.072 42 0.943 0.822 
Neck pain 0.91 3.08 1.254 17 0.227 0.701 
Females          
Scapula Int/Ext Asymptomatic 0.996 8.11 0.927 56 0.358 0.163 
Neck pain 2.03 10.23 1.177 34 0.247 0.035 
Scapula 
Up/down 
Asymptomatic 1.03 4.75 1.637 56 0.107 0.65 
Neck pain 0.03 5.17 0.038 34 0.97 0.535 
Scapula Tilt Asymptomatic -0.21 3.06 -0.514 56 0.609 0.701 
Neck pain 0.22 3.86 0.33 34 0.744 0.586 
Clavicle Pro/Ret Asymptomatic 0.93 7.80 0.9 56 0.372 0.1 
Neck pain 2.52 10.38 1.433 34 0.161 -0.123 
Clavicle Ele/Dep Asymptomatic 0.83 3.19 1.967 56 0.054 0.712 
Neck pain 
0.68 3.00 1.336 34 0.19 0.709 
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 Influence of individual factors (age, sex, BMI, and thoracic alignment) on 
shoulder girdle resting posture in those with and without neck pain. 
 
In the external reference frame, scapular anterior tilt strength of association reduced with 
thoracic inclination in the neck pain group. The strong association between increased thoracic 
inclinations and scapular anterior tilt that was observed in the asymptomatic group (Table 6.3-4), 
reduced from R2  0.665 in the asymptomatic group to 0.371 in the neck pain group on the right. The 
same trend was observed on the left (asymptomatic 0.606 to neck pain 0.467). No major change in 
R2 was observed in scapular internal/external rotation with clavicular protraction having the strongest 
influence on increased scapular internal rotation (R2 max 0.646). No major change in R2 was noted 
between the groups in scapular upward/downward rotation with both groups observed to have an 
increase in clavicular protraction and depression as well as increased thoracic inclination associated 
with scapular downward rotation (R2 max 0.513). Clavicular posture prediction model values were 
consistently low in both groups with a max R2 0.192 in the asymptomatic group and max R2 0.14 in 
the neck pain group (Table 7.3-9). 
 
In the thorax reference frame, thoracic inclination was not significant in any clavicular or 
scapular rotation in the neck pain group. Overall, there were no major or consistent changes in the R 2 
values between the groups (Table 7.3-10).  
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Table 7.3-9 Multiple Linear Regression Analyses in the Neck pain group (external reference 
frame) 
Neck pain External reference frame 
Axis of 
rotation 
Side Model predictors  
Unstandardized 
Coefficients 
t Sig. R2 
B 
Std. 
Error 
 Scapula 
int/ext 
rotation 
R 
Kyphosis index 0.747 0.224 3.331 p < .001* 0.494 
Right clavicle protraction 0.732 0.131 5.590 p < .001*   
BMI 0.487 0.179 2.724 0.009*   
L 
Thoracic spine inclination 0.44 0.191 2.302 0.026* 0.646 
Kyphosis index 0.511 0.15 3.406 0.001*  
Left clavicle protraction 0.818 0.091 8.988 p < .001*   
Scapula 
up/down 
rotation 
R 
Right clavicle protraction 0.366 0.121 3.031 0.004* 0.389 
Right clavicle depression 0.401 0.145 2.772 0.008*   
Thoracic spine inclination 0.520 0.157 3.305 0.002*   
L 
Kyphosis index 0.522 0.245 2.128 0.038* 0.513 
Thoracic spine inclination 0.556 0.183 3.044 0.004*  
Left clavicle protraction 0.321 0.116 2.761 0.008*  
Left clavicle depression 0.679 0.148 4.599 p < .001*   
Scapula 
ant/post 
tilt 
R 
Thoracic spine inclination -0.651 0.136 -4.792 p < .001* 0.371 
Right clavicle depression 0.217 0.123 1.774 0.082   
L 
Kyphosis index -0.491 0.177 -2.777 0.008* 0.467 
Thorax inclination1 -0.507 0.139 -3.643 0.001*  
BMI -0.290 0.144 -2.014 0.05*  
Sex -1.896 1.065 -1.780 0.081   
Clavicle 
pro/ret 
R 
Age -0.154 0.060 -2.564 0.013* 0.141 
Sex -2.333 1.346 -1.734 0.089   
L Kyphosis index -0.618 0.281 -2.203 0.032* 0.087 
Clavicle 
ele/dep 
R Age -2.068 1.156 -1.790 0.079 0.059 
L 
Sex -3.163 1.277 -2.477 0.017* 0.140 
Age -0.106 0.057 -1.870 0.067   
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Table 7.3-10 Multiple Linear Regression Analyses in the Neck pain group (thorax reference 
frame) 
Neck pain Thorax reference frame 
Axis of rotation Side Model predictors  
Unstandardized 
Coefficients 
t Sig. R2 
B 
Std. 
Error 
 Scapula int/ext 
rotation 
R 
Kyphosis index 0.787 0.224 3.522 0.001* 0.63 
Right clavicle protraction 0.833 0.099 8.385 p < .001*   
BMI 0.427 0.182 2.352 0.023*   
L 
Kyphosis index 0.489 0.196 2.499 0.016* 0.746 
Right clavicle protraction 0.843 0.073 11.594 p < .001* 
 
BMI 0.468 0.154 3.034 0.004*   
Scapula up/down 
rotation 
R 
Right clavicle protraction 0.287 0.096 2.987 0.004* 0.384 
Right clavicle depression 0.572 0.154 3.706 0.001*   
BMI 0.406 0.175 2.321 0.024*   
L Left clavicle elevation 0.78 0.17 4.586 p < .001* 0.292 
Scapula ant/post 
tilt 
R BMI -0.481 0.133 -3.623 0.001* 0.237 
 Age 0.072 0.042 1.707 0.094   
L Kyphosis index -0.363 0.197 -1.84 0.072 0.254 
 Age 0.103 0.051 2.011 0.05  
 BMI -0.484 0.148 -3.28 0.002   
Clavicle pro/ret 
R Age -0.184 0.078 -2.363 0.022* 0.099 
             
L Sex -4.704 2.035 -2.311 0.025 0.166 
Clavicle ele/dep 
R Age -1.920 1.116 -1.720 0.092 0.055 
L Sex -1.688 1.167 -1.446 0.154 0.000 
 
 Scapulothoracic resting posture differences between people with or without 
neck pain. 
Discriminant analysis was unable to detect any significant differences between the neck pain 
and asymptomatic groups in either the external or thorax reference frames (Wilks’ Lambda external 
reference frame p = 0.917, thorax reference frame p=0.885). As there was little difference between 
the groups, the predictive group membership correctly allocated 97% (external reference frame) and 
96% (thorax reference frame) of asymptomatic participants into their correct group and most of the 
individuals in the neck pain group were classified as asymptomatic.  Only 17% (external reference 
frame) and 26% (thorax reference frame) of the neck pain group were allocated correctly. Histograms 
and scatter plots of the analysis of the two groups indicate a mild difference in the distribution of the 
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discriminant scores between the groups (Figure 7.2 and Figure 7.3). 
 
Although no significant difference between the asymptomatic and the neck pain groups was 
observed in the analysis by sex (Wilks’ Lambda external reference frame males p = 0.12 and females 
p = 0.72, thorax reference frame male p = 0.33 and females p = 0.61), a stronger predictive group 
membership was observed when the population was sub-grouped into males and females. Fifty 
percent of males with neck pain were allocated correctly into the neck pain group in the external 
reference frame and 33.3% in the thorax reference frame. Thoracic inclination and scapular tilt were 
the stronger influencing coefficients in the external reference frame. Forty percent of females with 
neck pain were allocated correctly into the neck pain group in the external reference frame and 43% 
in the thorax reference frame. No clear pattern of coefficients influence was observed in the female 
group.  Histogram and scatter plot analysis show a clearer difference in the distribution of the 
discriminant scores between the groups with the males in neck pain group distribution mainly in the 
negative discriminant scores and the asymptomatic mainly in the positive discriminant scores (Figure 
7.2).   
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 Canonical Discriminant Function 
 Total Population 
Neck Pain n=53   Asymptomatic n=100 
Men  
Neck Pain n=18   Asymptomatic n=43 
Women  
Neck Pain n=35   Asymptomatic n=57 
N
ec
k
 P
ai
n
 
   
A
sy
m
p
to
m
at
ic
 
 
   
Discriminant Scores (external reference frame) 
 Individual Discriminant Score Distribution 
 Total Population Men Women 
D
is
cr
im
in
an
t 
S
co
re
s 
Neck Pain n=53 Neck Pain n=18 Neck Pain n=35 
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External Reference Frame 
Figure 7.2 Discriminant Analysis Histogram and Scatterplots (external reference 
frame) 
Histogram (X-axis; discriminant scores, Y-axis; frequency) and Scatterplots (X-axis-
subject number 1-53 represent the neck pain group and 54-153 the asymptomatic 
group) Individual’s Discriminant Analysis Score Distribution (Y-axis) of the Neck 
Pain (purple) and Asymptomatic Groups (blue) in the EXTERNAL Reference Frame. 
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 Canonical Discriminant Function 
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Discriminant Scores (thorax reference frame) 
 Individual Discriminant Score Distribution 
 Total Population Men Women 
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Neck Pain n=53 Neck Pain n=18 Neck Pain n=35 
Asymptomatic n=100 Asymptomatic n=43 Asymptomatic n=57 
   
 Thorax Reference Frame 
Figure 7.3 Discriminant Analysis Histogram and Scatterplots (thorax reference 
frame) 
Histogram (X-axis; discriminant scores, Y-axis; frequency) and scatterplots (X-axis-
subject number 1-53 represent the neck pain group and 54-153 the asymptomatic 
group) Individual’s Discriminant Analysis Score Distribution (Y-axis) of the Neck 
Pain (purple) and Asymptomatic (blue) Groups in the THORAX Reference Frame. 
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 Level of disability and scapulothoracic resting posture. 
Increased scapular posterior tilt and clavicular retraction were associated with higher scores on 
the NDI in the whole group analysis (max R2 0.57) and the male population (max R2 0.66). In the 
female group, increased elevation and posterior tilt were consistently significant with higher scores 
of the NDI in both reference frames (max R2 0.63). Both thoracic measurements were significant in 
the thorax reference frame (Table 7.3-10). 
 
 Relationship between upper limb and neck disability 
DASH scores had good (Portney and Watkins 2000) correlation with the NDI scores when the 
analysis was conducted in the whole population (r = 0.511, p < 0.0001). The correlations between 
the two disability measures were observed to be higher in the male (r = 0.653, p = 0.003) than in the 
female population (r = 0.42, p = 0.012). 
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Table 7.3-11 Whole Population, Male and Female Results of Multiple Linear Regression 
Analysis with NDI as Dependent Variable and Physical Measurements (External and Thorax 
Reference Frames) as Independent Variables 
Neck Disability Index Total 
  Side Model predictors  
Unstandardized 
Coefficients 
t Sig. R2 
B 
Std. 
Error 
External 
Reference 
Frame 
R Int/Ext rotation -0.387 0.18 -2.144 0.037 0.572 
L Int/Ext rotation 0.602 0.252 2.386 0.021  
R Ant/Post_tilt 1.279 0.291 4.389 p<0.0001   
L Ant/Post_tilt -0.538 0.277 -1.941 0.058  
L Pro/Ret -0.978 0.217 -4.514 p<0.0001  
R Elev/Depr -0.757 0.227 -3.343 0.002   
Thorax 
Reference 
Frame 
R Int/Ext rotation -0.274 0.145 -1.896 0.064 0.531 
L Int/Ext rotation 0.495 0.232 2.131 0.038  
R Ant/Post_tilt 1.056 0.331 3.188 0.003   
L Ant/Post_tilt  -0.57 0.298 -1.912 0.062  
L Pro/Ret -0.804 0.227 -3.548 0.001  
L Elev/Depr -0.85 0.232 -3.667 0.001   
Neck Disability Index Men 
External 
Reference 
Frame 
L Int/Ext rotation 0.716 0.379 1.886 0.079 0.555 
L Pro/Ret -1.56 0.38 -4.111 0.001  
Thorax 
Reference 
Frame 
L Int/Ext rotation 0.794 0.358 2.221 0.045 0.661 
R Pro/Ret -0.458 0.208 -2.203 0.046   
L Pro/Ret -1.028 0.353 -2.912 0.012  
L Elev/Depr -0.756 0.426 -1.776 0.099   
Neck Disability Index Women 
External 
Reference 
Frame 
R Ant/Post tilt 0.91 0.195 4.66 0 0.628 
L Pro/Ret -0.462 0.165 -2.811 0.009  
L Elev/Depr -0.819 0.226 -3.62 0.001  
- Kyphosis_index 0.599 0.326 1.839 0.076   
Thorax 
Reference 
Frame 
- Thorax inclination -0.726 0.282 -2.576 0.015 0.631 
- Kyphosis index 0.968 0.351 2.759 0.01  
R Ant/Post tilt 0.703 0.239 2.935 0.006   
L Pro/Ret -0.245 0.131 -1.873 0.071  
L Elev/Depr -0.969 0.243 -3.981 0   
Age, BMI, scapular and clavicular right and left measurements, thoracic inclination, and curvature 
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 Discussion  
Postural alignment of the shoulder girdle and thorax has long been hypothesized as a possible 
contributing factor to the initiation and/or persistence of non-specific neck pain. The overall aim of 
the study was to assess whether any differences in shoulder girdle or thoracic resting posture in 
upright standing could be identified in those with and without neck pain.  
Overall, differences between people with and without neck pain were only evident when comparisons 
were made between sexes, which is consistent with many studies that have reported sex differences 
in musculoskeletal parameters. Overall differences were few.    
 
Males with neck pain showed significantly less mean thoracic inclination angle (mean 
difference -2.51°) as well as less variation in thoracic inclination angle (range: neck pain (1° to 13°), 
asymptomatic (-1° to 20.4°)) compared to the asymptomatic group. Coupled with this was a 
significantly reduced mean scapular anterior tilt angle (mean difference 2.7°) and variation (range: 
neck pain (-12° to -3°), asymptomatic (-21° to 2°)) in those with neck pain compared to the 
asymptomatic group. These differences in thoracic inclination and scapular tilt between the two 
groups were consistently evident throughout all the different analyses carried out in this study. 
However, thoracic inclination was also significantly related to other scapular and clavicular postures 
in other planes (Table 6.3-4). This strong association between thoracic inclination and scapular tilt 
seen in the asymptomatic group, but not in the neck pain group, further helps to explain the reduced 
strength of the thoracic inclination predictors on scapular rotations presented in the multiple 
regression results in the neck pain group. Previous studies that have included measures of thoracic 
curvature (measured as the KI) (Helgadottir et al., 2011) to make comparisons between groups with 
and without neck pain have found no differences between the groups. As no significant differences 
in KI scores were reported in this study, this further highlights the additional postural information 
gained from thoracic inclination and the scapular measurements expressed in the external reference 
frame. 
 
These findings highlight the added postural information that the inclination measurements 
contribute to the assessment of upright posture; however, it especially challenges some preconceived 
clinical hypotheses and research findings that a more anteriorly angulated thoracic alignment in the 
sagittal plane is associated with an increased prevalence of neck pain (Lau et al., 2010). Further 
studies using thoracic inclination are needed to explore the information this measurement adds to 
more dynamic measures in both symptomatic and non-symptomatic groups. 
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Comparison of postural angles between the left and right scapulae and clavicles revealed no 
specific pattern of difference that was unique to the neck pain group. In the external reference frame, 
significant differences between sides were observed in both groups, with both female asymptomatic 
and neck pain groups showing less clavicular elevation on the left compared to the right. The males 
in the neck pain group demonstrated reduced anterior scapular tilt on the right compared to the left. 
Although this was statistically significant, the difference between the sides was less than 1 degree 
and with a small standard deviation (SD 1.42). In the thoracic reference frame, no pattern was 
observed between the groups but a consistent significant difference between sides and an increase in 
SD was evident in all Z-axis rotations (scapular internal/external and clavicular 
protraction/retraction). These findings are consistent with the finding in Chapter 6. The consistent 
overestimation of difference between sides in the Z-axes combined with very low values of 
correlation seen in the thorax reference frame between the sides, and not in the external reference 
frame, may indicate that a systematic error in the definition of the thorax reference system may have 
affected these findings. As this is the first study to investigate side difference in a large cohort of both 
symptomatic and asymptomatic populations, comparisons to other studies is difficult. These findings 
are also only noticeable with-in subjects right and left sides, not between the left and right shoulder 
girdles group means as previous studies have reported (Helgadottir et al., 2011).  A possible reason 
for these findings may be related to the definition of the thorax coordinated system. A definition of 
the thorax axis system in the Z-axis with a rotation bias to one side may increase the difference 
between sides. Further investigation into these finding is needed. 
 
Overall, shoulder girdle and thoracic resting posture did not have the ability to predict group 
allocation. While the histograms appear to visually indicate some differences in the male population, 
mainly due to the differences in thoracic inclination and scapular tilt, discriminant analysis based on 
the whole population demonstrated that group allocation based on scapular, clavicular, and thoracic 
postural measurements poorly predicted allocation into the neck pain group (max 26% allocated 
correctly into the neck pain group). Only one study (Helgadottir et al., 2011) has reported changes in 
shoulder girdle kinematics using 3D motion analysis to compare people with insidious onset neck 
pain (n = 21), whiplash associated disorders (n = 23) and those who were asymptomatic (n = 20). 
Their main findings included a reduction in clavicular retraction (right side) and elevation (left side) 
at rest between the neck pain group and the asymptomatic group. Differences between the results of 
these studies may be related to differences in standing posture in the current study and sitting posture 
in the previous study (sitting Helgadottir et al., 2011). Another reason for observed differences 
between studies may be related to the relatively small sample size in the previous study (20 vs. 53). 
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The smaller population size in the previous study may have increased the sensitivity of reported group 
means. This is the first study to include a large cohort of both asymptomatic and neck pain volunteers. 
This has allowed us to further investigate differences in subgroups, such as grouping by sex. 
 
Higher NDI scores were mainly associated with increased scapular posterior tilt and clavicular 
retraction. This finding also challenges some preconceived clinical observations that clavicular 
protraction and increased anterior scapular tilt are associated with the prevalence of neck pain. These 
findings may be related to postural compensatory behavior used by people with neck pain or maybe 
attributed to the specific sample of neck pain participants represented in this study. The scores on the 
NDI and DASH showed good correlation (whole population correlation r = 0.51). Higher levels of 
correlation have been reported in the literature (0.7-0.8) (McLean et al., 2011; Mehta et al., 2010; 
Osborn and Jull 2013) indicating a substantial link between upper limb function and neck pain. 
Although no significant differences were found in scapulothoracic resting posture between people 
with and without neck pain the high correlation between the two disability measurements indicates 
that individuals who present with a primary complaint of neck pain and disability may also experience 
disability of the upper limb. This finding provides some mechanistic insight as to a potential cause-
effect relationship between the shoulder girdle and the cervical spine, but the direction of this 
relationship is not evident at this stage.    
 
To our knowledge this is the first study to compare subgroups based on sex or use 
comprehensive 3D analysis of the shoulder girdle and thorax in both an external reference frame and 
the thorax reference frame. Providing comparisons to other studies is therefore difficult. The external 
reference frame measurements used in this study have provided additional information regarding the 
interaction of the shoulder girdle and thorax with respect to gravity, and with each other (i.e. shoulder 
girdle and thorax positional relationships) in upright resting posture. The relevance of the information 
gleaned from these different reference frames will also need to be investigated in more dynamic 
movements of the shoulder girdle.  
 
A limitation of this study was the small number of left-hand-dominant participants in the neck 
pain group (n = 4) compared to that of the asymptomatic group (n = 18), as was the age distribution 
of the population, which was biased more towards the early four decades. This may possibly weaken 
the effect of age on postural measurements but permits stronger conclusions to be reached regarding 
shoulder girdle and thoracic resting posture in this specific age range.  
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The NDI scores reported in this study were on average 21% (SD 8.6) with a range of 10 to 
46% quite low. This mild level of neck disability (Vernon 2008) is consistent with other studies 
investigating non-specific neck pain (Elliott et al., 2014; O'Leary et al., 2007). The general mild neck 
pain status of participants may have influenced the results of this study as more significant differences 
might be apparent in groups reporting higher levels of disability. 
 
Type I error arising from multiple paired comparison need to be considered but due to the 
exploratory nature of this research statistical correction such as Bonferroni correction was not applied 
in order to include as many possible contributing factors and then assess their relevance. 
 
This study has consistently used two frames of reference to express posture of the scapula and 
clavicle. Although it is important to continue referencing the scapula to the thorax as a postural 
measurement, the authors raise concern regarding the possible bias in measurement in the Z-axis, as 
discussed in Chapter 6, and further evidenced by this study. Future research using the thorax reference 
frame should take this into consideration as well as possible further investigation into the validity of 
the definition of the thorax axes system.  
 
 Conclusions 
Statistically significant differences in standing resting posture between males were observed in 
scapulae and thoraxes postures in the sagittal plane. Males in the neck pain group demonstrated 
reduced thoracic inclination and anterior tilt compared to males in the asymptomatic group. Although 
whole-group comparison did not find significant differences in postural alignment between the 
groups, a strong association between physical measures of the scapulothoracic articulation and 
increased neck disability measured by the NDI was noted. This pattern was mainly associated with 
increased posterior tilt and clavicular retraction. Thoracic inclination measurements were observed 
to add postural information that was not observed in measurements of thoracic curvature. This 
highlights the importance of assessing scapular and clavicular posture using thoracic spine inclination 
measurements, combined with scapular and clavicular measurements expressed in the external frame 
of reference. Overall the resting posture of the scapulothoracic articulation did not predict allocation 
to the neck pain group. This may indicate that resting posture may not be an important factor in the 
assessment of people with neck pain or that postural assessment of the shoulder girdle with arms 
relaxed by the sides, is only one aspect of the complex assessment of neck pain disorders that needs 
to be integrated to other assessment of the neck and upper limb. Further assessment that involves 
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more challenging movements of the scapulothoracic articulation, including activities involving 
resistance load and fatigue may potentially better identify differences in shoulder girdle kinematics 
between asymptomatic individuals and people suffering from chronic non-specific neck pain. 
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- CHAPTER 8 – 
 
8. Discussion  
 
This thesis addresses some challenges in the measurement of shoulder girdle and thoracic 
kinematics (Chapters 3-5) and utilized the refined method to comprehensively evaluate shoulder 
girdle and thoracic postural kinematic characteristics in those with and without neck pain (Chapters 
6-7). Therefore, the content of the thesis is consistent with the intended aims outlined in Chapter 2. 
The following chapter will discuss the implications of the thesis with regards to its contribution to the 
measurements of shoulder girdle and thoracic kinematics, as well as its role in informing the link 
between shoulder girdle impairment and neck pain.  
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This thesis contributes to the literature concerning the role of the shoulder girdle and thorax 
complex in neck pain from three perspectives. First, the thesis has further refined and informed 
measurement methods of shoulder girdle and thoracic kinematics (Studies 1-3). Secondly, the thesis 
further defined normative resting posture of the shoulder girdle and thoracic spine in upright standing 
including the identification of factors associated with determining shoulder girdle posture (Study 4). 
Thirdly, the thesis has further increased the knowledge base concerning the association between 
shoulder girdle and thoracic resting posture in those with neck pain (Study 5). Interestingly, findings 
in the final studies (Study 4-5) with particular regard to the relationship between the thoracic and 
scapula further confirmed the need for the refinements in kinematic measurement methods that were 
addressed in the earlier studies (Studies 1-3). This chapter discusses the overall thesis findings from 
these perspectives.  
 Addressing challenges in the measurements of shoulder girdle 
kinematics 
This thesis addressed some key limitations involved in previous methods of measuring 
scapular kinematics that had been raised in Chapter 2. These refinements were based on 
improvements in surface marker design to minimise skin movement error, measurement reliability 
and validity, expansion of methods to evaluate thoracic orientation, and evaluation of the additional 
benefits of motion capture analysis in the external reference frame. 
 
 Modification of marker design 
The modified AMC configuration described in Chapter 3 was unsuccessful in reducing skin 
movement-based error. This modified AMC system was designed to lessen the risk of soft tissue 
opposition from the deltoid muscle during arm elevation tasks particularly above 90°. Its attachment 
location was also based on recommendations in the literature (Shaheen et al., 2011). However, the 
validity testing in Study 1 demonstrated that the new AMC design did not reduce skin movement 
measurement error during humeral flexion above 90° any more than that of previously reported 
designs (Brochard et al., 2011; Lempereur et al., 2012; van Andel et al., 2009; Warner et al., 2012). 
However, the new AMC design was as accurate as the previous versions, particularly during the lower 
ranges of humeral elevation (below 90°) (Study 1). Furthermore, findings from Study 2 confirmed 
the accuracy of the new AMC method in tracking scapular motion during and at end range clavicular 
postures, such as protraction, retraction, elevation, and depression without humeral elevation (Chapter 
4). This is the first study to evaluate accuracy of capturing scapular kinematics at these end range 
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clavicular postures. It was considered important to examine these movements that are common in 
daily and recreational/sporting activities. Overall, the findings from Studies 1-2 confirmed that the 
new AMC method was a reliable and accurate measurement system for tracking the scapula, 
specifically for the tasks that were examined in latter studies within the thesis (under 90° humeral 
elevation). Furthermore, these reliability and validity studies were of adequate sample size (Study 1, 
n = 20 and Study 2, n = 42) to be confident about the findings and the appropriateness of the AMC 
method in evaluating upper limb activities below 90° humeral elevation.  
 
Potentially, the inaccuracy in tracking scapular motion above 90° humeral elevation observed 
in Study 1 and in previous studies (Brochard et al., 2011; Lempereur et al., 2012; van Andel et al., 
2009; Warner et al., 2012) may be due to the use of a single calibration point. Evaluating the accuracy 
of tracking the scapula above 90° humeral elevation with a single calibration was one of the aims of 
Study 1. However, the findings of Study 1 have further confirmed that a single calibration method 
may not be appropriate in tracking the scapula over a full range of humeral elevation due to soft tissue 
movement error.  
 
Measurement accuracy of the AMC may have also been affected by issues with the scapula 
locator (SL) method that was used as the criterion standard. Studies 1 and 2 in this thesis showed the 
SL to be less reliable (within-session test-retest reliability) than the AMC method. This may be 
explained by the fact that the SL needed to be reapplied in each test and was therefore more vulnerable 
to operator error during palpation and reapplication. While the SL was utilized in these studies due to 
a lack of a better and more accessible alternative method, the accuracy of the AMC may have 
potentially been different if a better ‘gold standard’ comparator had been available. 
 
Reliability of the AMC was only established with within-session test retest reliability. This 
thesis did not explore between sessions or between examiners reliability therefore it can only be stated 
that the AMC was shown to be a reliable measure within the test-retest within the same session. Future 
studies would need to establish other AMC design reliability aspects. As the thesis did not include 
measurement between sessions or had multiple examiners, this limitation does not affect the studies 
reported in this thesis.  
 
In summary, the findings of the thesis validity studies confirmed the appropriate use of the new 
AMC method for thesis Studies 3-5 that assess the orientation of the scapula in upright resting 
postures. The findings also confirm the appropriateness of the use of the AMC method in studies 
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utilising humeral elevation angles of less than 90° that are planned beyond the completion of the 
thesis.  
 
 Expanding methods to investigate the relationship between the shoulder 
girdle and thorax: exploration using an external frame of reference and 
measures of thoracic inclination  
A substantial finding of this thesis was the additional information that was gleaned when the 
relationship between the thorax and scapula was assessed using the external reference frame in 
addition to the traditional International Society of Biomechanics (ISB) recommended thorax 
reference frame. This was particularly true for measurements in the sagittal plane which also utilized 
measures of thoracic inclination in addition to the traditional measures of thoracic curvature. In this 
sense, this thesis has also further confirmed the importance of evaluating thoracic orientation when 
considering shoulder girdle kinematics. While this would seem intuitive since the scapula overlies 
the thorax (i.e. scapulothoracic articulation), most previous studies investigating scapular kinematics 
only include the measure of the thoracic spine as defined by the ISB recommendation. Improving 
knowledge regarding the relationship between the thorax and scapula is especially essential as the 
literature often describes the scapula’s position relative to the thorax as a potential deviation from the 
norm and possible contributor to both shoulder and neck pain conditions (Kibler et al., 2013; 
Sahrmann 2002). Examples of this are scapular winging that describes separation of the medial border 
of the scapula from the thorax, and scapular tipping that describes separation of the inferior angle of 
the scapula from the thorax.  
 
Very few studies have included measurements of thoracic orientation aside from the thorax 
coordinate system defined by the ISB (Wu et al., 2005) in relation to the shoulder girdle. Studies that 
did include thoracic measures reported thoracic curvature angles (Helgadottir et al., 2011). It was 
considered that these studies had not included a key measurement factor, namely the inclination of 
the thoracic region underlying the scapula. To adequately address this issue, it was hypothesised that 
the traditional thoracic curvature measures and ISB recommended method of motion capture for the 
scapula in the thorax reference frame may not be adequate. This was proposed on the basis that 
scapular orientation in relation to the thorax reference frame is systematically adjusted for thoracic 
posture with respect to the vertical, masking the effect that thoracic spine posture has on scapular 
orientation. Furthermore, measurement of thoracic curvature does not include measurement of 
thoracic inclination in relation to the vertical (external frame of reference); and, therefore, true 
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comparison of relative thoracic and scapular inclination relative to the external frame of reference 
could not be ascertained. Chapter 5 of this thesis therefore endeavoured to expand the scope of 
measurements to evaluate thoracic and shoulder girdle measures by including measurements in the 
external frame. As such, the remainder of the thesis included the calculation of measures both in the 
recommended thorax reference frame and the external reference frame. The purpose of including both 
was to establish if the external reference frame provided additional information to that gleaned from 
the thorax reference frame that may be inform future research, both from the perspective of 
measurement methodology and as the evaluation of populations.   
 
Overall, the thesis has demonstrated that thoracic inclination (external reference frame) as 
defined by the region of the thorax directly underlying the scapula, provides information concerning 
relative scapular and thoracic kinematics in the sagittal plane (increased thoracic inclination with 
increased scapular anterior tilt) not provided by thoracic curvature measures. Extensive thoracic spine 
marker placements allowed a comprehensive analysis of both the thorax curvature (thoracic angle, 
thoracic index) as well as the comprehensive analysis of 12 different inclination measures. 
Differences between information gained from the external and thorax reference frames is evident 
when comparing findings when thoracic and scapular alignment are expressed in relation to the 
external reference frame, compared to scapular alignment expressed in the thorax reference frame. 
The relatively low association (max r = 0.31) between thoracic measurements and the scapular 
posture expressed in the thorax reference frame compared to those expressed in the external reference 
frame (max r = 0.79), may suggest that the current ISB recommended method alone may not be 
adequate to capture potentially useful biomechanical information concerning the scapulothoracic 
articulation.  
 
Another potential limitation of the thorax reference frame was observed when considering 
measurements of the scapula in the Z-axis (scapular internal rotation and clavicular protraction). 
Large variability between the right and left scapular and clavicular postures (within-subject) in the Z-
axis was noted when the scapula and clavicle were expressed in the thorax reference frame. This was 
only evident in within-subject right and left postural difference measurements and not in the means 
when analysed as a group (mean of all left-side scapulae compared to the mean of all right scapulae). 
Furthermore, measurements of correlation between the right and left scapular postures showed no 
correlation (r = 0.0067-0.11) compared to good correlation in the other axis of rotation (r = 0.65-
0.78). It is possible that the results presented in the Z-axis measured in the thorax reference frame 
may be related to the way the thorax coordinate system is defined using the anatomical landmarks 
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and axis definition detailed in the ISB recommendation (Wu et al., 2005). This the first study to report 
side difference variability in a large cohort using 3D analysis, therefore comparison to other studies 
is difficult. It should be noted, though, that no such difference was found in the external reference 
frame.  
 
 Further defining shoulder girdle and thoracic spine posture in an 
asymptomatic population  
An important aspect of this thesis was to further define normative resting posture of the 
shoulder girdle and thoracic spine in upright standing in a large asymptomatic population. It also 
identified factors that have a direct effect on determining shoulder girdle posture. 
 
 Normative shoulder girdle and thoracic orientation  
Scapular, clavicular, and thoracic upright standing postures of 100 asymptomatic volunteers 
were presented in detail in Chapter 6. As highlighted by Chapter 2, current knowledge of thoracic, 
clavicular and scapular posture does not include information based on large cohort studies. 
Furthermore, not all previous studies have used 3D motion analysis systems permitting capture of 
multiple segments within this complex region. The relatively large cohort in this thesis has permitted 
findings to be interpreted over the whole sample, but also in regard to sex, hand dominance, and side 
differences, which has not previously been comprehensively reported. Measurements of shoulder 
girdle and thoracic resting posture documented in this thesis may be utilized for comparison by future 
studies investigating scapulothoracic posture in populations with shoulder and neck pain disorders. 
Since clinical practice is dependent on the identification of postural abnormalities, the findings of this 
thesis utilizing state-of-the-art quantified measures is potentially greatly informative to clinical 
decision-making. 
 
The thesis showed that side differences between the right and left shoulder girdle are present 
in an asymptomatic population. When analyzing the whole group, greater clavicular protraction and 
scapular downward rotation was noted on the right compared to the left. Subgrouping into sex 
identified different patterns between males and females. In addition to increased right clavicular 
protraction, which was also observed in the whole population, females demonstrated greater internal 
scapular rotation and reduced clavicular elevation on their right compared to left sides. Males 
demonstrated less clavicular elevation on their right compared to left sides. It should be noted, 
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however, that while side differences were statistically significant when comparing means, these 
differences did not exceed 2°. Nevertheless, this side difference is a common clinical assessment item 
and the ability to define the range of normative difference between sides is of importance in the 
identification of aberrant posture. A 2° difference, although considered statistically different between 
sides, would probably not be considered significant in the clinical setting or identifiable by clinical 
observation. However, individual variability between participants’ scapulae showed differences of up 
to 10° between sides in some scapular rotations when expressed in the external reference frame in 
some participants. These findings provide clinicians with an appreciation of the wider scope of what 
may be considered to be normal side differences.  
 
 Individual factors affecting shoulder girdle and scapular resting posture  
A strong association between thoracic, scapular, and clavicular resting posture was evident 
throughout the study, especially in the external reference frame. These findings highlight the 
importance of assessing the biomechanics of the shoulder girdle within the context of the different 
segments and their association with each other. Understanding the postural relationships between 
adjacent body segments has clinical implications in regard to focusing on interventions within an 
individual’s treatment approach underpinned by a comprehensive postural analysis.  
 
Somewhat predictable associations were observed between scapular and clavicular 
orientations. These associations included: increased scapular internal rotation and increased 
clavicular protraction; increased scapular upward rotation, and increased clavicular elevation and 
protraction. Clinically, these mostly predictable relationships suggest that a more informed 
conclusion regarding shoulder girdle posture at rest may be gained by scapular and clavicular 
orientation observed together. Potentially, decisions based on observation may be more confidently 
made if the expected coupling between clavicular and scapular orientation is observed.    
 
The strong association between increased thoracic inclination and anterior tilt of the scapula 
also seems intuitive but has previously only been reported as  the difference in scapular anterior tilt 
between thoracic measures in upright sitting and slouched postures (Kebaetse et al., 1999), and not 
in a cross-section of a population. Consistent with the results of Chapter 5, this strong relationship (r 
= 0.79) was only evident between thoracic inclination and scapular tilt expressed in the external 
reference frame. The salient point here is that the relationship between thoracic inclination and tilt 
was much stronger than the relationship between thoracic curvature and anterior tilt. This is a 
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clinically relevant finding, as both research and clinical focus (Helgadottir et al., 2011; Lewis et al., 
2005) has been on the link between increased thoracic curvature on scapular posture. This thesis has 
highlighted that while thoracic curvature may be a contributing factor, thoracic inclination may also 
be a key consideration to explaining observed scapular posture at rest. Interestingly, increased 
thoracic inclination was also associated with increased scapular downward rotation and clavicular 
protraction and depression, although it should be emphasised that these relationships were less 
obvious.  
   
Age and BMI were only minimally associated with scapular and clavicular posture, while 
physical activity and hand dominance were not associated with shoulder girdle posture. Although the 
population in this study represents a random sample from the general population responding to a 
request for volunteers, an even age spread was not achieved, with most (76%) of the participants aged 
between 18-40 years. Changes in shoulder posture as well as changes to thoracic inclination might be 
apparent in individuals over time, as well as in later decades of life and are under-represented in this 
study. As very few studies have investigated the effect of age on scapular posture in a comprehensive 
method (3D measurement and large cohort studies), any comparison to other studies is limited (Endo 
et al., 2004; Raine and Twomey 1997). Furthermore, changes related to age would not necessarily be 
apparent in a cross-section analysis of a population. Longitudinal studies are needed to more 
accurately determine the effect of age on shoulder girdle and thoracic posture. 
 
Hand dominance was also investigated in this study as potentially influencing shoulder girdle 
posture; and, although a higher percentage (18%) of left-hand dominant people are represented in this 
study than previously reported in a normal population (10%), the relatively low numbers of left --
handed people (n = 18) compare to right-handed people (n = 82) should be taken into consideration 
when making comparisons between groups. 
 
 Comparison of thoracic spine and shoulder girdle resting posture in 
those with and without neck pain. 
In Chapters 2 and 7, the incidence of upper limb disability in individuals with a primary report 
of neck pain was noted (McLean et al., 2011; Mehta et al., 2010; Osborn and Jull 2013). 
Consequently, it was hypothesized that individuals with neck pain would demonstrate aberrant resting 
posture of their thoracic spine and shoulder girdle compared to asymptomatic individuals. In the first 
instance, findings of the thesis have supported this relationship between reported levels of neck 
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disability and upper limb disability. Measurements of neck disability (as measured by the NDI) 
showed moderate correlation (r = 0.51) with measurements of upper limb disability (as measured by 
the DASH) in participants with neck pain. The findings of this thesis do not, however, strongly 
support the thesis hypothesis of aberrant resting posture of thoracic spine and shoulder girdle in those 
with neck pain compared to that of asymptomatic individuals. For the most part, differences between 
the neck pain and asymptomatic groups were absent regarding characteristics of the shoulder girdle 
and thorax resting posture in relaxed upright standing; however, there were some notable differences 
that are worth considering.  
 
Group comparison found differences between the two groups only when analysed for each 
sex separately. Males in the neck pain group presented with reduced thoracic inclination and anterior 
tilt compared to males in the asymptomatic group. Consistent with the results of Chapters 5 and 6, 
these differences were only observed for those measurements expressed in the external reference 
frame (thoracic inclination and scapular posture expressed in the external reference frame). The 
observed strong association between thoracic inclination and anterior scapular tilt observed in 
asymptomatic individuals in Chapter 6 seemed to be the reason for the postural differences seen 
between males with and without neck pain. A few interesting observations may be made regarding 
this group differences in males. Firstly, it may have been expected that the group with neck pain 
would have had greater thoracic inclination and coupled anterior scapular tilt than that of the 
asymptomatic group. Instead, the opposite was observed. The males with neck pain demonstrated less 
thoracic inclination and anterior scapular tilt than those in the asymptomatic group. This may, 
however, also reflect clinical observations of variability in thoracic alignment in individuals with 
neck pain, often also presenting with relatively straight thoracic spines. Potentially greater variation 
may exist in individuals with neck pain who may either present with greater or lesser thoracic 
inclination. The second notable observation was that the strength of the coupled relationship between 
thoracic inclination and anterior tilt was not as pronounced in the neck pain group (max r2 0.47) as it 
was for the asymptomatic group (max r2 0.67). This suggests that there may be greater variability in 
the relative orientation of the scapula and thorax in the neck pain group, perhaps reflecting clinical 
observations of poor fixation of the scapula to the chest wall. While these findings were not strong, 
they do offer consideration for future research.    
 
A relationship was observed between scapular and clavicular posture and the level of self-
reported neck disability as measured with the NDI. Greater levels of self-reported neck disability 
were mainly associated with increased scapular posterior tilt and clavicular retraction in the whole 
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group. As also discussed previously, these directions of shoulder girdle and thoracic resting posture 
that are associated with higher levels of disability challenge previously conceived clinical hypotheses 
and beliefs. It should be acknowledged, however, that these relationships were relatively modest and 
require further investigation.   
 
Comparison of postural angles between the left and right scapulae and clavicles revealed no 
specific pattern of difference that was unique to the neck pain group, except for increased scapular 
anterior tilt on the right in the male population. However, the patterns described in the asymptomatic 
population regarding side difference were only noted in clavicular depression in the female 
population. Within the neck pain group, analysis between the painful and the non-painful sides 
revealed no postural difference. 
 
Consistent with the findings in Chapter 6, within-subject side differences measured by the 
thorax reference frame showed significant differences between sides in measurements in the Z-axis 
of scapular internal rotation and clavicular protraction. These patterns were evident in all subgroup 
(neck pain and asymptomatic as well as analysis of the whole population, including both the male 
and female volunteers).  
 
 Thesis strengths and limitations 
 Thesis strengths 
This thesis has highlighted the complexity of accurately measuring a region that comprises 
multiple segments moving in multiple axes of rotation and inherently affected by skin movement 
error. A large portion of this thesis is devoted to addressing those challenges. Three of the five studies 
have been dedicated to ensuring that valid and reliable results are presented; and, furthermore, it was 
an aim of this thesis to further improve upon and explore more specific postural measurements that 
have not previously been investigated.  
 
Motion capture methods in this thesis include marker and cluster distribution that has 
incorporated all thoracic spinal segments, as well as the scapula, clavicle, arm, and thorax. This 
comprehensive layout of marker and cluster attachment allowed several detailed methods of data 
analysis to be explored during the data analysis stage. This allowed the optimization of thoracic 
inclination measurements utilized and permitted the exploration of the different reference frames for 
calculations. 
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This thesis has also highlighted that one of major limitation of previous studies is sample size. 
The relatively smaller population sizes reported in previous studies (Helgadottir et al., 2011; Ludewig 
et al., 2009; Morais and Pascoal 2013; Ohl et al., 2015; Ribeiro and Pascoal 2013; Roy et al., 2007; 
Schwartz et al., 2014) limited the strength of their findings and the ability to include multiple factors 
and subgrouping. This study has included a significantly larger population that allowed for both 
subgroup analysis and multiple factors in its analysis. 
 
 Thesis limitations 
An uneven distribution of participants in the two groups may influence the results regarding 
differences observed in this study. Although the study included a large number of asymptomatic (n = 
100) and neck pain (n = 53) participants, the uneven distribution among both groups of age and hand 
dominance limited the strength of the results regarding the influence of these factors on reported 
postural measurements. 
 
Only measurements of upright standing posture were assessed to explore differences between 
groups. Postural analysis is only one aspect of the complex assessment of neck pain disorders, so the 
lack of significant postural differences between the groups should not imply that scapular and 
clavicular resting posture have no part in the development or aggravation of neck pain disorders. 
Further research that includes different activities of the upper limb now need to be explored in those 
individuals with neck pain. 
 
Scapular internal rotation and clavicular protraction measurements reported large within-
subject side difference variability when analysed in the thorax reference frame. This thesis has 
dedicated a large portion of its focus on refining and improving postural measurement issues inherent 
in such a complex region. The findings reported in the thorax reference frame raise further questions 
regarding a possible systematic error in the definition of the thorax reference frame. This issue should 
be further investigated in studies exploring bilateral scapular and clavicular resting posture.  
  
Broader inclusion criteria into the neck pain group, such as non-specific neck pain, may reduce 
the identification of group-specific patterns of dysfunction that may link shoulder girdle dysfunction 
and neck pain. By its very definition, ‘non-specific neck pain’ suggests that the origin of the pain is 
unknown. Shoulder girdle and spinal measurements are only two of many structures evaluated for 
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their role in neck pain. It is recognized that the aetiology of neck pain is multifactorial and a significant 
body of work has been devoted to reporting impairments of neuromuscular control, posture, strength, 
and limitation in joint range of movement, among other issues, in the neck pain populations. Although 
this might be the case in this thesis, further studies including different aspects of scapular kinematics 
will further help define these subgroups of patients for whom shoulder and spinal kinematics are 
significant contributing factors to their pain.  
 
 Implication for future studies 
This thesis has highlighted the postural information gained from using an alternative reference 
frame to the ISB-defined thorax reference frame when measuring the posture of the scapulothoracic 
articulation. The external reference frame described in this thesis has been suggested to better define 
the relationship of the thorax and scapula as scapular orientation in relation to the thorax reference 
frame is systematically adjusted for thoracic posture with respect to the vertical, masking the effect 
that thoracic spine posture has on scapular orientation. In this thesis, the external reference frame was 
explored in a static upright posture, allowing for correction and standardization of the subject’s 
posture to the external frame. Its relevance to other postures or the possibility of an alternative 
definition to the thorax reference frame, incorporating the findings of this thesis, needs to be further 
investigated.   
 
Standing upright posture is usually the first observation made by clinicians during a patient’s 
physical examination. Although an inherent part of the physical examination, it is only one aspect of 
the physical examination and is combined with others, including dynamic movements, range of 
movement, resisted movements, and task-specific movements. The cumulative information gained 
from the full examination directs both diagnosis and treatment specific to the individual’s 
presentation. This thesis has focused on standing upright posture in asymptomatic and neck-pain 
groups. Further comparisons of these two groups will need to include other aspects of assessment that 
may better define the acknowledged differences in scapulothoracic kinematics.  
 
In this study, differences between the neck-pain group and asymptomatic group were only 
evident when subgrouping according to sex was conducted. This highlights the importance of large 
population cohorts that allow for subgrouping by sex. Further studies will need to include sex when 
considering difference in scapulothoracic postures between people with and without neck pain.  
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This description of thoracic posture, as well as thoracic spine curvature are static 
measurements and may not describe or predict the behaviour of the spine in dynamic movements. 
The ability of the thoracic spine to extend and rotate at end range upper limb movements, such as 
those involved in throwing activities, has been described in studies of upper limb kinematics. Thoracic 
spine alignment from the vertical in the sagittal plane defined here as thoracic inclination in this thesis 
has been described as adding important postural information in addition to more traditional measures, 
such as thoracic spine curvature. The importance of accurately describing the base upon which the 
scapula sits and glides has been highlighted in Chapter 5. Further studies need to consider the 
importance of thoracic inclination measurements as well as thoracic dynamic movement to better 
describe the relationship between the scapula and thorax in more complex movements.  
 
The limitation of skin-based markers to humeral elevation range of up to 90° restricts their 
relevance in describing the kinematics of the scapula in full range of movements as well limiting 
potential differences between both neck pain and shoulder pain groups to asymptomatic populations. 
The limitation of skin-based marker methods in tracking the scapula has been highlighted in this 
thesis. Further studies need to investigate the development of methods that more accurately track both 
the scapula and thorax in these more challenging movements of higher humeral elevation range.   
 
Further studies should include a more even distribution of age through the decades, as well as 
larger variability and distribution of BMI, among the studied populations both in asymptomatic and 
symptomatic populations. Age and BMI have been considered in this thesis as potential contributing 
factors to shoulder and thoracic spine alignment. As described in this Thesis Limitations section, 
conclusions as to the contribution of these factors to posture are limited to the population described 
in this thesis.    
 
 Thesis implications for clinical practice 
Some implications of the thesis findings for clinical practice have already been mentioned in 
this discussion section. In particular, thoracic inclination posture has been highlighted as having a 
strong influence on shoulder girdle posture. This was seen mainly in the relationship between 
increased thoracic spine inclination and increased anterior tilt of the scapula. Although measurements 
in the sagittal plane had the strongest association, thoracic spine inclination was also found to be a 
predictor of scapular upward rotation as well as of clavicular posture, although to a lesser extent. 
These findings highlight the importance of assessment and treatment of any observed thoracic spine 
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alignment issues when addressing shoulder girdle dysfunction in both neck pain and shoulder 
disorders. 
 
This thesis has proposed that externally referenced postural measures, such as thoracic 
inclination or expressing the scapula in the external reference frame may provide additional 
information regarding gravitation loads to the thorax and scapula. Gravitational forces may 
potentially impact postural muscle activity and tissue loading to the thoracic spine and shoulder 
girdle. Gravitational forces that are important to consider as common aggravating factors for people 
presenting with neck pain include prolonged sustained postures of their trunk (sitting postures, 
bending) or shoulder girdle (overhead arm activities, computer work, repetitive arm load). 
Measurements that directly assess the deviation from the vertical may add further direction to 
treatment in people reporting these antigravity activities as exacerbating their symptoms.   
 
The information presented in this thesis describes a distribution of posture in an asymptomatic 
population and allows a stronger basis for comparison to describe deviation from the ‘norm’ in 
individuals with neck pain. Chapter 6 has provided comprehensive detailed postural measurements 
of three scapular axes of rotation and two clavicular axes of rotation, as well as their relevance to the 
alignment of the thoracic spine in 100 asymptomatic individuals. Further information was given in 
subgrouping analysis of males and females as well as comparison of hand dominance and right to left 
side differences. As assessing posture is one of the clinical measures used in assessing people 
presenting with neck pain, this thesis strengthens the basis upon which clinicians can evaluate posture 
and its relevance to people with neck pain. 
  
 Thesis conclusions 
Methodological issues identified in the measurement of scapula and thoracic spine and in 
measurements that assess the relationship between these two segments of the scapulothoracic 
articulation have been explored. The acromion marker cluster (AMC) has been validated as an 
accurate measure of tracking the scapula up to 90° humeral flexion and at the end range of clavicular 
postures. Additional postural information was observed when describing the thoracic spine and the 
shoulder girdle in an external reference frame (thoracic spine inclination and clavicle and scapula 
expressed in external reference frame) compared to previously reported measurements, such as 
thoracic curvature (kyphosis index) and scapular and clavicular orientation expressed in the thorax 
reference frame. Further findings of this thesis have highlighted potential issues of reporting side 
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differences when scapular and clavicular measurements are expressed in the thorax reference frame. 
A comprehensive postural description of the shoulder girdle and thoracic spine alignment in upright 
resting posture in a population cross-section of 100 asymptomatic volunteers was provided with 
subgroup analysis of sex and hand dominance as well as right to left side difference. A strong 
association between thoracic spine inclination and scapular postural measurement was observed, 
mainly with increased thoracic inclination and increased scapular anterior tilt. Another significant 
association was observed between increased clavicular protraction, mainly on increased scapular 
internal rotation, but also on increased downward rotation. Other individual factors, such as BMI and 
age, were significant but weakly associated with scapular and clavicular orientation in upright resting 
posture. A comparison between an asymptomatic population (n = 100) and people reporting non-
specific neck pain for the last three months or more revealed significant differences in postural 
measurements of the thoracic spine and shoulder girdle; however, this was only observed in males, 
with the neck pain group presenting with reduced mean and range of thoracic spine inclination, as 
well as reduced scapular anterior tilt. Increased clavicular retraction and scapular posterior tilt were 
also associated with higher levels of self-reported neck disability within the neck pain group in males, 
females, and the overall group. 
 
Overall, the findings of this thesis have the potential to positively influence studies, 
particularly regarding the methodology of measurement of the scapulothoracic articulation, but it also 
has clinical implications regarding postural assessment of the scapulothoracic articulation in both 
asymptomatic individuals and those with neck pain. 
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Appendices 
Appendix A - Vicon marker and cluster 3D view 
 
 
Appendix A - Figure 1: Vicon marker and cluster posterior view 
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Appendix A - Figure 2 : Vicon marker and cluster right lateral view 
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Appendix A - Figure 3 : Vicon marker and cluster anterior view 
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Appendix A - Figure 4 : Vicon marker and cluster superior view 
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Appendix B - Participant Consent Form 
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Head of Division 
 
 
 
 
 Division of Physiotherapy 
The University of Queensland 
Brisbane Qld 4072 Australia 
Telephone  +61 7 3365 2275 
Facsimile  +61 7 3365 2775 
 
PARTICIPANT CONSENT FORM 
 
TITLE: An investigation of movement and body posture in people with and without 
painful disorders of the neck. 
 
LAY TITLE:  Movement and body posture in people with and without neck pain. 
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 Mr Yaheli Bet-Or  
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1. I, ________________________________________ (PLEASE PRINT) hereby consent to take 
part in the research project titled: An investigation of movement and body posture in people 
with and without painful disorders of the neck. 
2. I acknowledge that I have read the participant information sheet provided, and that I have had the 
project, so far as it affects me, fully explained to my satisfaction by the investigators.  I freely 
consent to my participation in the project. 
 
3. The details of the procedure proposed has also been explained to me, including the anticipated 
length of time it will take, the frequency with which the tests will be performed, and an indication 
of any discomfort or possible risks which may be expected. I understand that the tests to be taken 
are as follows: 
 
 Examination of the neck and shoulder 
 Motion Analysis:  
 Range of motion tests of the neck, back and shoulder girdle. 
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 Upper limb sustained hold tasks with and without resistance. 
 Upper limb movement tasks with and without resistance.  
 Photographs and Video Recordings 
 
4. Although I understand that the purpose of this research is to improve the quality of physiotherapy 
care, it has also been explained that this is a research project and not a treatment program, and my 
involvement may not be of any direct benefit to me. 
 
5. I have the opportunity to have a member of my family or friend present while the project is 
explained to me. 
6. I give permission to the investigators to perform the tests described in the participant information 
sheet. 
7. I have been informed that due to the exercise and muscle testing procedures, I may experience 
aggravation of my symptoms following the testing procedures however these should be short 
lived.  
8. I am informed that any parts of my personal history, medical records or the results of any tests 
involving me will be published in a manner which does not identify me and my privacy will be 
adhered to at all times. 
9. I am informed that photographs or video recordings of me, taken during this research, may be 
used in public presentations related to this research.  There is a Media Records Release Form 
attached that outlines several possible uses and asks for your specific consent to use these items 
in each way.  If you agree to allow these items to be used after this research study is over, please 
read, initial, and sign the Media Records Release Form in addition to this consent form. 
Photographs, recordings, or other identifiable information about you will not be used without your 
consent." 
10. I have informed that I am free to withdraw from the study at any time without giving any reasons 
and it will not affect in any way of clinical management of my condition. 
 
 
 
Signed:______________________________________  Date: ________________ 
   (participant) 
 
Signed:______________________________________  Date: ________________ 
   (witness) 
 
 
This study has been approved by one of the human ethics committees of The University of 
Queensland in accordance with the National Health and Medical Research Council’s guidelines. 
Whilst you are of course, free to discuss your participation in this study with the project coordinator 
Mr Yaheli Bet-Or - (07) 3378 2960 (mobile: 0431084987), if you would like to speak to an officer of 
the university not involved in the study, you may contact the Assistant Ethics Officer or the Ethics 
officer on (07) 3365 3924. 
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Appendix C - Research Media Records Release Form 
 
PHYSIOTHERAPY 
 
 
Professor Sandy Brauer  
Head of Division 
 
 
 
 
 Division of Physiotherapy 
The University of Queensland 
Brisbane Qld 4072 Australia 
Telephone  +61 7 3365 2275 
Facsimile  +61 7 3365 2775 
 
Research Media Records Release Form 
 
As part of this project we will make photographic, and/or video recordings of you while  
you participate in the research.  Please indicate below by initialing what uses of these records 
you consent to.  This is completely up to you.  We will only use the records in the way(s) that 
you agree to.  In any use of these records, your name and face will not be identified.  
 
1. The records can be studied by the research team for use in the research project.  
 
Photo __________ Video __________  
      initials                                initials  
2. The records can be shown to subjects in other experiments.  
 
Photo __________ Video __________  
      initials                                initials  
3. The records can be used for scientific publications.  
 
Photo __________ Video __________  
      initials                                initials  
4. The records can be shown at meetings of scientists. 
 
Photo __________ Video __________  
      initials                                initials  
5. The records can be shown in classrooms to students.  
 
Photo __________ Video __________  
      initials                                initials  
6. The records can be shown in public presentations to scientific or/and non-scientific groups.  
 
Photo __________ Video __________  
      initials                                initials  
7. The records can be used on television.  
 
Photo __________ Video __________  
      initials                                initials  
8. The records can be used for commercial use. 
Photo __________ Video __________  
                    initials                                initials  
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I have read this form and give my consent for use of the records as indicated above. 
 
Signature ____________________________    Date _________________ 
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Appendix D - Participant Information Sheet  
 
PHYSIOTHERAPY  
 
Professor Bill Vicenzino 
Head of Division 
 
 
 
 
 Division of Physiotherapy 
The University of Queensland 
Brisbane Qld 4072 Australia 
Telephone  +61 7 3365 2275 
Facsimile  +61 7 3365 2775 
 
PARTICIPANT INFORMATION SHEET 
 
TITLE: An investigation of movement and body posture in people with and without 
painful disorders of the neck. 
 
LAY TITLE:  Movement and body posture in people with and without neck pain. 
 
INVESTIGATORS: 
 Mr Yaheli Bet-Or  
 Dr Venerina Johnston, PhD, Division of Physiotherapy, UQ. 
 Dr Shaun O'Leary, PhD, Division of Physiotherapy, UQ. 
 Professor Gwendolen Jull, PhD, Division of Physiotherapy, UQ. 
  
The aim of this research is to investigate and compare movement of the neck and shoulder girdle in 
persons with and without painful neck disorders. To participate in this study you will need to attend 
three sessions ranging from 45minutes to 3 hours at the University of Queensland. All procedures 
will be conducted in the Human Neuroscience Unit (NHU), room 522, level 5, Division of 
Physiotherapy, The University of Queensland.  
If you choose to participate in this study the following procedures will be conducted by an 
experienced Musculoskeletal Physiotherapist trained in these procedures - 
Examination of the neck and shoulder: You will be required to answer questions 
regarding your neck and shoulder and to fill out neck and shoulder pain and disability 
questionnaires, and a physical activity questionnaire. A physical assessment of your neck 
and shoulder will be performed to determine if any joint and muscle dysfunction exists.  
Motion Analysis: The equipment used in this study includes a 3D movement analysis system (Vicon) 
and a video camera. Reflective markers used by the Vicon system will be attached to your skin by 
removable tape. This will require appropriate attire that exposes the skin in the relevant areas 
especially over the upper back and shoulders (sports top/singlet for females). Measurements of motion 
will be recorded from the reflective markers during the following activities – 
 Range of motion tests of the neck, back and shoulder girdle: You will be asked to move your 
neck, back and shoulder girdle as far as you can in the direction indicated by the investigator. 
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These movements will be measured using a 3D movement analysis system (Vicon) and a video 
camera. 
 Upper limb sustained hold tasks with and without resistance: You will be asked to hold your 
arm in different positions against a low level resistance of a hand or cable weight. These positions 
will be measured using a 3D movement analysis system (Vicon) and a video camera. 
 Upper limb movement tasks with and without resistance. You will be asked to move your 
arms in different positions against a low level resistance of a hand or cable weight. These 
movements will be measured using a 3D movement analysis system (Vicon) and a video camera.  
 
Photographs and Video Recordings: Photographs and video recordings will be made during the 
Motion Analysis testing procedure. This will be recorded so that visual ratings of posture can be 
correlated to the motion analysis measurements. We may also wish to use these photographs/videos 
in public presentations related to this research with your permission.  There is a Media Records 
Release Form attached to this document (next page) that outlines several possible uses and asks for 
your specific consent to use these items in each way.  If you agree to allow these items to be used 
after this research study is over, please read, initial, and sign the Media Records Release Form in 
addition to this consent form. Photographs, recordings, or other identifiable information about you 
will not be used without your consent." 
 
The studies are designed to investigate our research questions with minimal degree of risk, 
inconvenience or discomfort. As with any exercise and muscle testing there is a mild chance of an 
injury (such as a muscle strain) however the chance of this is minimised as all exercises and muscle 
testing are performed following warm up procedures and completely under your control.  If you feel 
discomfort, please tell the investigators immediately. Due to the exercise and muscle testing 
procedures you may experience aggravation of your symptoms following the testing procedures 
however these should be short lived. . Should any discomfort or pain be felt over an extended period 
of time you are required to inform the investigator who will arrange follow up care.  
You have the opportunity to take a member of the family or a friend to be present while the project is 
explained to you. Your privacy during participating in the study will be maintained at all times. You 
have the opportunity to withdraw from the study at any time without giving any reason. On request, 
feedback of individual assessment results and a summary of the overall measurement parameters will 
be available at the completion of data collection. The data will be collected by the investigator and 
kept in a secure place. Any personal information, medical history, or test results obtained from this 
experiment will be treated with the upmost confidentiality. Any publications resulting from this 
experiment will reveal the information in a manner which does not identify you.  
 
This study has been approved by one of the human ethics committees of The University of Queensland in 
accordance with the National Health and Medical Research Council’s guidelines. Whilst you are of course, 
free to discuss your participation in this study with the project coordinator Mr Yaheli Bet-Or - (07) 3378 2960 
(mobile: 0431084987), if you would like to speak to an officer of the university not involved in the study, you 
may contact the Assistant Ethics Officer or the Ethics officer on (07) 3365 3924. 
 
 
Yaheli Bet-Or (PhD student) 
Dr Shaun O’Leary 
Dr Venerina Johnston 
Professor Gwendolen Jull 
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Appendix E - Neck pain group; symptom history, body chart, medical 
questionnaire  
 
History of symptoms  
 
How did your symptoms start? 
 
 
 
 
Have your symptoms increased/decreased/stayed the same over time? 
 
 
 
 
 
Have you had similar episodes of symptoms in the past? Y/N 
 
If yes: 
 How many? ____________________________________________________ 
 When was the first one? 
____________________________________________________ 
 When was the last one? 
____________________________________________________ 
 How long does it usually take for your symptoms settle?  
____________________________________________________ 
 
Comments 
 
 
 
 
 
Body Chart 
 
1. Please mark on the body chart the area of your symptoms, please be as specific as you can. You can 
include any pain in the head, neck, spine, shoulder, arm or hands. 
 
2. Symptoms:  please describe your symptoms (e.g. sharp, ache, burning, stabbing, dull) 
 
3. The following question relates to your symptoms intensity. Please rate on the body chart the degree 
of complaints (symptoms, pain, discomfort, ache) you have experienced in the body regions 
indicated above on a 0-10 scale where 0 is ‘no complaints’ and 10 is ‘symptoms as bad as could be’. 
If you are not experiencing problems, enter the value ‘0’.  
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Use the following abbreviations: 
 
 symptoms at their Worse (W) 
 Most of the time (M) 
 At their Best (B) 
 Symptoms Now (N) 
 
4. Do you experience pins and needles? Y/N  
(If yes please indicate on the body chart using ‘p/n’ beside the area you experience your symptom)  
 
5. Do you experience Numbness? Y/N 
(If yes please indicate on the body chart using ‘p/n’ beside the area you experience your symptom)  
 
 
  
No complaints
(0)
(5)
symptoms as bad 
as could be
(10)
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Body Chart 
 
 
Symptom:____________ 
Intensity: 
W __/10 
M __/10 
B  __/10 
N __/10 
Duration: __________ 
 
Symptom:____________ 
Intensity: 
W __/10 
M __/10 
B  __/10 
N __/10 
Duration: __________ 
 
Symptom:____________ 
Intensity: 
W __/10 
M __/10 
B  __/10 
N __/10 
Duration: __________ 
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Behaviour of symptoms during a day: 
 
Please indicate (√) how your symptoms behave during a 24 hour cycle. 
 Better Same  Worse Comments 
Morning     
Mid-day     
End of Day     
Night*     
 
*Does your pain wake you up? Y/N       If Yes, how many times___________ 
 
What aggravates your Symptoms? 
 
Please name the most common activities that will AGGRAVATE your symptoms and how long does it take 
before your symptoms start: 
Neck activities 
 
Shoulder activities  
Example: Sitting at the computer for 30 
min 
Mouse work  after 20 min Most aggravating 
 
 
  
 
 
  
 
 
  
 
 
 Moderate 
 
 
  
 
 
  
 
 
  
 
 
 Mild 
 
 
  
 
What eases your symptoms? 
 
Please describe what EASES your symptoms and how long does it last  
 
Example: heat pack, lasts for an hour before pain returns 
 
 
 
Most Easing 
 
 
 
 
 
Moderate 
 
 
Mild 
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Past Treatment 
 
Have you received treatment for your symptoms? Y/N 
If Yes: 
Indicate what health profession (e.g. 
physiotherapist, Chiropractor, surgeon, GP)  
 
 
When was your last treatment? 
 
 
What was the nature of the treatment? 
 
 
Did it Help? 
 
 
 
General Health 
Have you been diagnosed by a doctor with any of the following medical problems? 
Angina Pectoris N  /  Y 
Anxiety N  /  Y 
Asthma N  /  Y 
Blood clot in the brain or stroke N  /  Y 
Cancer N  /  Y 
Chronic obstructive pulmonary disease N  /  Y 
Deep vein thrombosis N  /  Y 
Depression N  /  Y 
Diabetes (all types) N  /  Y 
Fibromyalgia  N  /  Y 
Metabolic Disorder N  /  Y 
Multiple sclerosis N  /  Y 
Osteoarthritis N  /  Y 
Parkinson’s disease N  /  Y 
Other please specify…  
 
 
Medication 
 
During the last 4 weeks, have you taken medication for relief of neck/shoulder discomfort?   No / Yes 
 
If YES, have you used any of these medications for neck/shoulder discomfort? (more than one option is 
possible) 
 Name 
Mild analgesics (e.g. Panadol, Panadeine, 
Codalgin) 
 
Strong analgesics (e.g. OxyContin, Tramadol)?  
Anti-inflammatory Medication 
 
 
Are you currently taking any other medication? Y/N         If Yes, please list: 
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Name gr/times per day For how long Prescribed by: What condition 
     
     
     
     
     
     
 
Imaging  
 
Have you had any of the following imaging done on your Neck? 
 
 When was the last one Results 
XR   
CT   
MRI   
US   
Other__________________   
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Appendix F - Demographics and Exclusion Criteria Questions 
 
 
First Name  
Surname  
Date of Birth  
Sex  
Height  
Weight  
Hand dominance  R  /  L 
Occupation  Full/Part Time  
 
Work H/week 
Experience (how many years in the last two 
jobs) 
 
 
 
Exercise Type- (in the last 3 month) 
Upper limb  H/Week, type 
 
Lower limb  H/Week, type 
 
Combined H/Week, Type 
 
 
Computer work (h/Week) 
Laptop % 
Desktop% 
 
 
 
 
 
Tablet (h/Week) 
Phone (h/Week) 
 
Have you had surgery or trauma to your 
shoulder and/or neck in the Past 
 
Y/N 
 
Are you experiencing any of the following in 
your neck, shoulder or neck? 
Pain 
Pins and needles 
Numbness   
Altered sensation 
 
 
Y/N                     Neck     Shoulder     Arm 
Y/N                     Neck     Shoulder     Arm 
Y/N                     Neck     Shoulder     Arm 
Y/N                     Neck     Shoulder     Arm 
 
Do you suffer from headaches? 
How often? 
Y/N 
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Appendix G – Physical examination for study 4 and 5 
 
Physical Examination 
 
Shoulder 
 
 Left Right 
Active Range Flex+OP+IR   
Active Range Abd   
Resisted ER   
Resisted IR   
Resisted Elb Flex 90o   
Resisted Elb Ext 90o   
HK   
Horz Add+OP   
Sulcus   
Scapula Elevation   
Scapula Depression   
Scapula Protraction   
Scapula Retraction   
 
Neck  
 
 Left Right Central 
Active Range Flex+OP    
Active Range Ext    
Rot +OP    
SF    
PA’s     
C1    
C2    
C3    
C4    
C5    
C6    
C7    
T1    
T2    
T3    
T4    
Overall impression 
 
 
   
R- reactive     T- tightness     
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Appendix H - Ethics Approval  
 
